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To the memory of my father
All philosophers, who find
Some favorite system to their mind,
In every point to make it fit,
Will force all nature to submit.
- Jonathan Swift
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1 Introduction
GSI’s heavy ion synchrotron SIS18 shall be used as a booster for the SIS100 syn-
chrotron of the new FAIR facility [1]. For the operation of the SIS18 in a booster
mode it is necessary to maximize the beam intensity by minimizing the beam loss
at nonlinear resonances created by nonlinear field errors [2, 3, 4, 5]. Crossing res-
onances leads to beam loss and dynamic aperture reduction during the machine
operation due to the finite chromaticity and space charge. Futhermore, closed
orbit errors are relevant for feed down effects of multipoles, which may generate
nonlinear resonances [6, 7]. The closed orbit correction is important for machine
operation; the better the closed orbit is corrected, the less the beam loss is due to
the increase of the machine’s acceptance [8, 9]. The understanding of the beam
loss mechanisms requires one to quantify each source of the nonlinear errors in
the machine. Compensation of the nonlinear errors is vital to achieving higher
beam intensities [2, 10].
This Thesis is dedicated to the numerical as well as the experimental study of
beam dynamics in circular accelerators [11, 12]. The experimental part was un-
dertaken in the SIS18 synchrotron. During the experiments many control and
diagnostic tools of the SIS18, never used until now for the investigations reported
herein, were tested [13]. The detailed description of the experiments contained
in this work can be considered as a starting point for future experiments and
machine development.
The work has the following structure.
In Chapter 2 an overview of the GSI and FAIR accelerator facilities [1], and a
general description of the SIS18 instrumentation related to the study of this work
are given. The expected SIS18 performance in view of the upgrade program for
FAIR project are outlined [1]. The main beam dynamics issues connected with
the purpose of this work are discussed.
Chapter 3 is devoted to the study of linear beam dynamics in the SIS18. The
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closed orbit can be locally distorted or corrected at specified locations using
three steering dipoles satisfying a certain ratio of their strengths (three-steerer-
local-bump algorithm) [8, 14]. The complete CO correction along the machine
was obtained by a super position of local corrections in each period, altering
three steering dipoles at one time. The beam-based orbit response matrix method
[8, 14, 15, 16, 17] was applied to calibrate the SIS18 linear lattice model (beam po-
sition monitors, steering and quadrupole magnets). The orbit response matrix of
the SIS18 was measured three times, after each data set was analyzed separately
and fitted to a model. The experimental details and the achieved improvement
of the SIS18 performance are discussed.
The resonance beam loss measurements [5, 9] were carried out with residual gas
profile monitor [18, 19] in the SIS18 (Chapter 4). Beam intensity and profile
measurements were taken for different working points (tune scanning) under con-
ditions of corrected and artificially distorted closed orbit. The dynamic aperture
is however strongly affected by the machine working point. If the tune is close
to a resonance the dynamic aperture shrinks and beam loss occurs. It was found
that closed orbit distortions excite resonances, which do not exist for a corrected
orbit.
In the frame of this work a novel technique ‘nonlinear tune response matrix
method’ to identify strengths, polarities and locations of nonlinear errors in cir-
cular accelerators is developed (Chapter 5). In the method the feed down effect
of the nonlinear components at level of linear tune response to the closed orbit
change is explored. The CO change is introduced by varying correction steerers.
The tune values are retrieved from the spectrum of coherent betatron oscillations
excited by a fast kick. The theoretical background, the robustness of the method
and numerical examples for the SIS18 using numerical library MICROMAP [20]
are presented. The technique to measure lattice nonlinearities was experimentally
validated in the SIS18 where two normal as well as two skew sextupolar errors
of the order of natural errors were reconstructed with a tolerant precision. It
was shown how this technique can be applied to reconstruct sextupolar nonlinear
errors in the complete machine.
In Chapter 6 the main results and the conclusions of this work are outlined. An
outlook and possible extension of the work related to the future development of
the SIS18 and SIS100 synchrotrons are discussed.
2 Motivations in the view of the
FAIR project
2.1 Facility for antiprotons and ion research (FAIR)
The FAIR project (Facility for antiprotons and ion research) is the new interna-
tional accelerator facility to be constructed at GSI, Darmstadt, Germany. The
new facility will extend the existing experimental capabilities with higher beam
intensities and energies. A layout of the existing facility GSI (UNILAC, SIS18,
ESR, FRS) and new FAIR facility with two main synchrotrons and several stor-
age rings is presented in Fig. 2.1. The future synchrotrons SIS100/300 of the
FAIR complex are superconducting machines to accelerate ion beams to high in-
tensities, reported in Table 2.1 [1, 21]. For high-intensity proton beams, which
Table 2.1: The planned intensities for synchrotrons SIS100 and SIS300.
Synchrotrons Beam energy Beam peak intensity
SIS100 2.7 Gev/u for U28+ beam 5 · 1011/cycle for U28+ beam
29 GeV for proton beam 2 · 1013/cycle for proton beam
SIS300 34 GeV/u for U92+ beam 109/s for U92+ beam
are required for antiproton production, a separate proton linac as injector to the
SIS18 synchrotron will be constructed [22]. FAIR will supply heavy ion beams
and antiproton beams. Completely new topics will be open for study, namely,
high-energy physics (condensed barionic matter research) and quantum chromo-
dynamics (QCD) studies with antiproton beams; nuclear structure and nuclear
astrophysics with nuclei far off the stability domain; extended (in terms of beam
intensity) capabilities for high density plasma physics, atomic physics and ap-
plied research [1]. An important consideration is the facility design oriented on
a parallel operation of different research programs. It will allow to run several
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Figure 2.1: Schematic view of the present (blue) and future (red) facilities at
GSI, consisting of: superconducting double-synchrotron SIS100/300
with a circumference of 1100 meters and with magnetic rigidities of
100 and 300 Tm, respectively; the antiproton production and the rare
isotope production targets; the superconducting fragment separator
(Super-FRS); the collector and cooler double-ring (CR and RESR);
two storage rings (HESR and NESR) and the proton linac (p-linac)
for the antiproton physics program.
experiments in parallel (up to four scientific programs at a time).
The new FAIR facility will use the present GSI accelerators (UNILAC and SIS18)
as injectors.
2.2 The heavy ion synchrotron SIS18 at GSI as
injector for FAIR
The heavy ion synchrotron SIS18 is a normal conducting machine with 216.72
m circumference and 18 Tm rigidity. It is able to accelerate ions from protons
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till uranium. Ions from UNILAC are injected in the SIS18 at energy up to 11.4
MeV/u, with horizontal multi-turn-injection scheme. The nominal working point
set in the control software (SISMODI) Qx = 4.29, Qy = 3.29 corresponds to the
real machine tune Qx ≈ 4.31, Qy ≈ 3.26, due to the presence of the systematic
tune shift [4]. After the acceleration the beam can be extracted at different ener-
gies. After slow or fast extraction the beam is delivered to experimental targets,
as well as to the cancer therapy station, also to the experimental storage ring
(ESR) and the fragment separator (FRS). The SIS18 was designed for the accel-
eration of 2 ·1011 Ne10+ and 4 ·1010 U73+ ions at injection energy 11.4 MeV/u [2].
To fulfill the FAIR requirements of beam quality and intensity (Table 2.2) the
upgrade of the SIS18 has been started. The SIS18 (and UNILAC) upgrade pro-
gram for the FAIR project foresees an increase of the extracted beam intensities
per cycle in two stages, presented in Table 2.2. The stages represent the scenarios
Table 2.2: Increase of beam intensities in two stages of the FAIR.
U73+ operation - stage 1 U28+ operation - stage 2
UNILAC present 2 mA 3 mA
UNILAC FAIR 5 mA 15 mA
SIS18 present 5 · 109 6 · 109
SIS18 FAIR 1.5 · 1011 2.7 · 1011
for planned experimental program during the construction of the FAIR project
[1]. The stage 1 assumes running of the present and future experimental facilities
with the present synchrotron SIS18 only, the stage 2 with the both SIS18 and
SIS100 synchrotrons [1]. With noble gas ions (Ne10+, Ar18+) high intensity of
about 8 · 1010 in the SIS18 is achieved, while for uranium and other heavy ions,
the beam intensities are restricted [2]. A major limitation of the beam intensity
for heavy ions and proton beams arises from the space charge effect on the be-
tatron tune combined with nonlinear resonances. The defocusing space charge
force introduces the tune spread that brings the tune of some particles towards
a resonance and they are quickly lost.
To improve SIS18 beam intensities, a full control of the beam dynamics is required,
namely: manipulation of the beam parameters; nonlinear field errors; and lattice
coupling [3, 4, 11, 12, 23, 24]. Circular machines are very sensitive to nonlinear
field and misalignment errors in the magnets since the particles pass the focusing
lattice many times. Nonlinear field errors excite unwanted resonances and result
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into the shrinking of the dynamic aperture (stable region in the phase space)
[3, 4, 11]. An important issue for machine operation is closed orbit correction
since the closed orbit position in the accelerator is affected by the field and the
alignment errors. The nonlinear beam instabilities and injection errors may cause
emittance growth and particle beam loss. The number of particles (beam cur-
rent) with a given emittance characterize the quality of a beam. High intensity
beams occupy almost the entire machine acceptance. Driven by nonlinearities
unstable particle motion close to the beam pipe may result in particles hitting
the vacuum chamber, gas clouds and vacuum break-down together with particle
beam loss. The storage of high intensity beams needs careful choice of the work-
ing point and of compensation of the resonances crossing the beam space charge
tune spread (as large as δQv ∼ 0.5) [2]. An experimental verification of the beam
physics issues in the SIS18 is absolutely necessary for understanding the intensity
limiting factors in the present SIS18 and future FAIR synchrotrons SIS100/300.
The SIS18 upgrade program foresees also several main technical upgrade steps in
order to rise the beam intensity and quality.
• Installation of a new RF system with higher voltage amplitude and har-
monic number two (h = 2) [25]. The new RF system will be used together
with the present RF system of harmonic number four (h = 4), so that two
RF systems will form a double RF system. The new acceleration cavity
shall provide sufficient bucket area for faster ramping (10 T/s) of U28+.
A higher bunching factor of the double RF system lowers a space charge
shift δQv that allows to achieve higher beam intensities. The vertical space
charge shift is inversely proportional to the bunching factor Bf according
δQv ∼ N · q2/Bf , where N is the number of particles and q is the charge
state of the ions. Beam loading compensation and feed back requirements
are at present the main design issues.
• Improvement of Ultra High Vacuum (UHV) system: NEG (Non-Evaporable
Getter) coating of dipole and quadrupole chambers to improve static vac-
uum [26]. The dipole and the quadrupole chambers have a length about
3 and 4 m, respectively, and are not accessible by vacuum pumps. The
NEG material (Ti− Zr − V ) works like a pump [26]. Thin NEG films (of
∼ 1µm) coated in the magnets provide a higher pumping speed and equal
distribution of pressure (‘distributed’ pumping). The total capacity of a
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coated layer is about 1015 molecules/cm−2, which acts like a ‘sponge’. The
NEG surface stays active all the time and can be regenerated by heating
above the heating activation temperature. The pumping speed of the coated
chamber is measured to be about 0.2 L/s · cm−2 for H2 and 0.6 L/s · cm−2
for CO.
• Installation of a new ‘collimation’ system for charge exchanged particles
[27]. To minimize beam loss by charge change and reduce residual gas
pressure, a dynamic vacuum (vacuum during beam operation) in the or-
der of 10−12 − 10−11 mbar is required. Higher intensities than at present
will be achieved by the lower charge state of intermediately charged heavy
ions (U28+) compared with the high charge state (U73+), which on the
other hand, enhances ionization (electron loss process) compared to the
high charge state [26]. Due to the changed magnetic rigidity for the charge
exchanged ions, they get lost after the dipoles under any incidence angle
on the chamber wall. Gas ions like H2, CO or CO2 can be released due
to ion induced desorption and can lead to an avalanche process (dynamic
vacuum effects): one lost ion hits the wall, produces a gas cloud which in
its turn produces more particle loss and so on [26]. Measured partial gas
values for the SIS18 are 19.9 % H2, 3.7 % CH4, 2.5 % N2, 9.3 % O2, 49.6 %
CO and 14.9 % CO2 and estimated disorption rate for the grazing angles
is 104 − 6 · 105 molecules/ion [28, 29]. This can lead to a total loss of the
beam in a few hundred ms. To protect the pipe walls and suppress desorp-
tion gas production, catchers (‘collimators’) for charge exchanged particles
are installed behind dipole magnets [27]. The ‘collimators’ are thick blocks
which are mounted in a way that the produced gas is guided away from
the circulating beam. They are made out of low desorption material (gold
coated copper: 300 nm Au, 200 nm Ni and Cu core) and have a special
bake-out to minimize the absorbed gas layer. The initial disorption rate for
the perpendicular angle of incidence of about 240 molecules/ion is reduced
till 25 molecules/ion after the special bake-out [28, 29]. The collimator
chambers provide an additional local pumping of gas since they are coated
by NEG. Control of charge exchange particles together with NEG coating
reduces dynamic vacuum effects [27].
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• Installation of a new injection system [30]. The operations with low charge
state heavy ions require modifications of the present injection system. The
maximum field strength of the electrostatic septum is not sufficient for
injection of U28+ beams at the standard energy of 11.4 MeV/u (at present
7.1 MeV/u). To minimize beam loss and thereby ion induced desorption
during injection from transfer channel to the SIS18, a new injection septum
of higher voltage has to be installed. The new electrostatic septum has a
larger aperture and will be protected by a scraper against beam loss in the
injection channel. It is also equipped with a beam profile monitor to control
the horizontal beam position and profile in order to minimize the injection
loss and beam emittance [30] .
2.3 Description of the SIS18 instrumentation used
In this section a description of the SIS18 instruments used to control the beam
and measure its parameters for the purpose of the present work is given. The
schematic view of the SIS18 ring with names of the control and measurement
devices important in the context of this work is shown in Fig. 2.2.
In the SIS18, 24 dipole magnets are used for the beam bending. The dipoles are
Table 2.3: SIS18 quadrupoles of the five families and their nominal values for
triplet configuration (injection energy) and tunes Qx = 4.29, Qy =
3.29.
Quadrupole families and nominal gradients in m−2
Q1F Q2F Q1D Q2D Q1T
focusing focusing defocusing defocusing focusing
S01QS1F S02QS1F S01QS2D S02QS2D S01QS3T, S02QS3T
S03QS1F S04QS1F S03QS2D S04QS2D S03QS3T, S04QS3T
S05QS1F S06QS1F S05QS2D S06QS2D S05QS3T, S06QS3T
S07QS1F S08QS1F S07QS2D S08QS2D S07QS3T, S08QS3T
S09QS1F S10QS1F S09QS2D S10QS2D S09QS3T, S10QS3T
S11QS1F S12QS1F S11QS2D S12QS2D S11QS3T, S12QS3T
0.30989596 0.30989596 -0.49964116 -0.49964116 0.62221964
connected into one family, i.e. powered in series from the same power supply. For
focusing of the beam there are 24 horizontal focusing quadrupoles and 12 vertical
focusing (horizontal defocusing) quadrupoles. The quadrupoles are united in five
2.3 Description of the SIS18 instrumentation used 9
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Figure 2.2: SIS18 synchrotron at GSI consists of 12 periods with two bending
dipoles (light blue), two focusing (red) and one defocusing (blue)
quadrupoles of the triplet focusing structure.
families [31], which are listed in Table 2.3. The 24 focusing quadrupoles form
two families by six (Q1F and Q2F) and one family by 12 magnets (Q1T). The 12
defocusing quadrupoles form two families by six magnets (Q1D and Q2D). The
β-functions of one SIS18 period are shown in Fig. 2.3. The complete accelerator
consists of 12 periods of the given structure (Figs. 2.2 and 2.3).
2.3.1 Steering magnets
In SIS18 12 horizontal and 12 vertical steering magnets (steerers) are available for
CO control and correction (see Figs. 2.2 and 2.3). Their names and current ranges
are found in Table 2.4. The vertical steerers are independent steering magnets
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Figure 2.3: SIS18 horizontal and vertical β-functions of one SIS18 period where
1, 2 note the horizontal and vertical BPMs; 3, 4 - horizontal steerers
located in first/second dipoles; 5 - vertical steerers; 6, 7 - normal
chromatic sextupoles in odd periods; 8 - skew sextupoles in periods 2
and 8; 9 - additional BPMs in periods 1, 4 and 7.
Table 2.4: SIS18 steerers, status February 2008.
Vertical steerer Current [A] Horizontal steerer Current [A]
S01KM2DV -50...50 S01MU1A 0...40
S02KM2DV -50...50 S02MU1A -60...60
S03KM2DV -50...50 S03MU1A 0...40
S04KM2DV -50...50 S04MU2A -60...60
S05KM2DV -50...50 S05MU1A -40...0
S06KM2DV -50...50 S06MU2A -40...0
S07KM2DV -50...50 S07MU1A -60...60
S08KM2DV -50...50 S08MU1A -60...60
S09KM2DV -50...50 S09MU1A -40...0
S10KM2DV -50...50 S10MU1A -60...60
S11KM2DV -50...50 S11MU1A -60...60
S12KM2DV -50...50 S12MU1A 0...40
and located in every period after the first quadrupole. The horizontal steerers
are made as correction coils in the dipole magnets and located in the first dipole
except for the period 4 and 6, where they are in the second dipole. The horizontal
steerers in periods 1, 3, 5, 6, 9 and 12 have unipolar power supplies [31]. Their
polarity can be switched to the opposite by a software controlled inverter, which
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changes electric current flow to opposite direction [32]. It is important to notice
that not all the horizontal steerers were available for this work. The four bipolar
horizontal steerers in period 2, 4, 7 and 8 are new, installed in February 2008.
At the ramp all steerers are reset from injection to extraction correction settings
via linear interpolation between correction values at injection and extraction with
the corresponding rigidity of the ramp. If it the correction values at injection and
extraction have opposite signs then the bipolar steerers change their sign during
the ramp using a time interpolation realized by a so called ‘function generator’.
The ‘function generator’ sets the electric current of the steerer according to the
interpolated value given by the control software [32].
2.3.2 Beam position monitors (BPMs)
In the SIS18 24 Beam Position Monitors (BPMs), 12 in each plane, are used
for the closed orbit diagnostics [33]. The BPMs are placed in pairs (horizontal
and vertical) in every period behind the last quadrupole, in BPM stations S01DX,
S02DX, S03DX, S04DX, S05DX, S06DX, S07DX, S08DX, S09DX, S10DX, S11DX,
S12DX (see Fig. 2.2). The BPMs have separate pickup plates and allow indepen-
dent horizontal and vertical CO measurements. The bandwidth of 0.2-100 MHz
of the BPMs’ pre-amplifiers allows to observe several harmonics of the bunch
frequency. The SIS18 BPMs are the so called ‘shoe-box type’ Beam Position
guardrings
Vertical BPM
Horizontal BPM
diagonal
cuts
contact
springs
cuts between
plates and
guard rings
Aperture:
horizontal = 200 mm
vertical = 70 mm
length = 260 mm
a) Linear cut position pick-up b) Schematic view
Figure 2.4: View of the SIS18 BPM a) linear cut and b) electrodes arrangement.
Monitors [33], box-like devices (see Fig. 2.4), which have larger aperture in hor-
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izontal then in vertical plane for the construction reason of the SIS18 chamber.
The ‘shoe-box’ pick-ups have the following principle: the influenced signal is pro-
portional to the actual plate length at the beam center position. Therefore, the
signal ∆U = Uleft−Uright between the left triangular part and the right part will
be proportional to the position. The geometric function g(x) = a is constant
(Fig. 2.5a) for nearly the full range of displacements, i.e. nearly no corrections
have to be applied. High linearity (linear dependence with respect to the beam
displacement) is typical for the shoe-box type BPM [13, 33, 34]. The position of
the simulated beam was changed in steps of 20 mm in the horizontal direction
for the three different vertical positions, i.e. in the center of the pick-up high,
+20 mm above and -20 mm below the center plane. The horizontal and vertical
position readings ∆U/ΣU as a function of the horizontal beam displacement are
presented in Fig. 2.5b. The data points for the position calculation done using
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Figure 2.5: a) Scheme of the position measurement using the so-called linear
cut and b) position sensitivity extracted for the SIS pick-ups for the
horizontal beam position shift.
the horizontal plates are located on the same diagonal line independently from
the vertical beam position [13]. Also in case of the vertical position determina-
tion the observed effect is insensitive to the horizontal beam displacement and
the data points are located on the three parallel lines, where each of these lines
corresponds directly to the given vertical position. Therefore, the horizontal and
vertical beam position measurements are treated independently [33] according to
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formulas
x = Kx · ∆Ux∑
Ux
+ δx
y = Ky · ∆Uy∑
Uy
+ δy,
(2.1)
where the difference of voltages of the plates (∆Ux, ∆Uy) is normalized to their
sum (
∑
Ux,
∑
Uy); Kx, Ky are pick-up constants; δx, δy are pick-up offsets.
The averaged measured values for the pick-up constants and offsets are Kx '
172.5 mm, Ky ' 50.7 mm, δx ' 0.72 mm, δy ' 0.12 mm [34, 35].
There are three additional BPMs in period 1, 4 and 7 available and located
behind the second dipole in these periods, see S01DP1P, S04DP2P and S07DP3P
in Fig. 2.2. These BPMs are used for other measurement purposes, for instance,
tune measurements with Q-kicker, where the beam position is monitored turn-
by-turn and is stored as a function of time.
2.3.3 Residual gas monitor (RGM)
Residual Gas Monitors (RGM) are used for transverse beam profile measurement
of an ion beam for purpose of injection matching, hollow beam prevention, mea-
surement of beam losses, beam emittance and its evolution during the storage
time [18, 19]. In RGMs the particle beam interacts with residual gas within the
beam line and produces residual gas ions and electrons (Fig. 2.6). An electro-
static field accelerates the ionization products (ions) towards a Micro Channel
Plate (MCP). The active area of the MCP is 100 mm × 26 mm. When these
particles reach the MCP secondary electrons are produced and accelerated into
the channels. Inside the channels they are multiplied by a factor of 106. An
array of 64 wires with diameters of 1.5 mm and distances of 0.6 mm to each
other is placed behind the MCPs. This wire array configuration determines the
spatial resolution of 2.1 mm. The wire array is connected to a current-to-voltage
converter [18, 19]. Pictures of the RGM installed in the SIS18 by T. Giacomini
and P. Forck are shown in Figs. 2.7 and 2.8 [36]. For the horizontal and vertical
beam profiles measurements there are two RGMs installed in the SIS18 in the 9
period 1 m after the second dipole with 1 m distance in between (see Figs. 2.2
and 2.8). The duration of one measurement (one single beam profile) can be
switched between 0.5 and 5 ms. At injection energy with revolution frequency
of about 200 MHz these times correspond to approximately 100 and 1000 turns.
14 2. Motivations in the view of the FAIR project
E
E
2,1mm
O1,5 mm
RGM
v
H
+
-
e
-
e
-
e
Figure 2.6: Functional principle of the currently used RGM in the SIS18.
a) SIS18 RGM: technical drawing b) Photo of the SIS18 RGM
Figure 2.7: The RGM installed in the SIS18 a) technical drawing and b) photo.
Every 10 ms a new measurement starts [36, 37].
For reconstructing profile shapes the raw data out of the two arrays (vertical
and horizontal) of 64 wires need to be re-calibrated according to the correction
coefficients, see Fig. 2.9. The correction coefficients give more weight to the wires
which correspond to lower sensitive areas (worked-out areas) of the MCP [18, 19].
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Horizontal RGM
Vertical RGM
Figure 2.8: The horizontal and vertical RGMs installed in the SIS18.
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Figure 2.9: Horizontal and vertical sensitivity correction coefficients for the RGM
measured 27/08/2007: raw adc data out of each wire must be divided
by the corresponding coefficient.
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2.3.4 Chromatic sextupoles
A normal sextupole magnetic field is defined as
By
Bρ
=
K2
2
(x2 − y2),
Bx
Bρ
= K2xy ,
(2.2)
where K2 is normal integrated sextupole coefficient. Rotating the normal sex-
tupole on 30◦ inverts its action into the other plane so that it becomes a skew. Its
magnetic field is expressed then in terms of a skew integrated sextupole coefficient
by
By
Bρ
= J2xy,
Bx
Bρ
=
J2
2
(x2 − y2) .
(2.3)
The SIS18 has 12 normal sextupoles for horizontal and vertical chromaticity
correction listed in Table 2.5. They have individual power supplies and located
in the odd periods by pairs (see Fig. 2.2). However, the 12 sextupoles are arranged
into two groups (‘families’) 1C and 3C. Inside the group each sextupole is powered
with the same current. For independent horizontal and vertical chromaticity
compensation the 1C sextupoles are located with the maximum βx and the 3C
sextupoles are placed with the maximum βy (see Fig. 2.3), respectively. The
sextupoles of group 1C are also used for resonant extraction. The maximum
Table 2.5: SIS18 sextupoles for horizontal and vertical chromaticity correction
and their K2 values in 1/m2 used currently at injection (triplet focus-
ing) and extraction (doublet focusing) energies.
1C family K2, triplet K2, doublet 3C family K2, triplet K2, doublet
S01KS1C -0.6362 -0.2162 S01KS3C 0.7414 0.4004
S03KS1C -0.6362 -0.2162 S03KS3C 0.7414 0.4004
S05KS1C -0.6362 -0.2162 S05KS3C 0.7414 0.4004
S07KS1C -0.6362 -0.2162 S07KS3C 0.7414 0.4004
S09KS1C -0.6362 -0.2162 S09KS3C 0.7414 0.4004
S11KS1C -0.6362 -0.2162 S11KS3C 0.7414 0.4004
strength of each of the normal sextupoles is 15.9 T/m. The conversion of normal
integrated sextupole coefficient into sextupole current is done according to
I [A] = f [Am/T] ·Bρ[Tm] ·K2 [1/m2] , (2.4)
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whereK2 = B
′′l/Bρ, B′′ is the magnetic field strength in T/m, Bρ is the magnetic
rigidity in Tm, and the conversion factor f = −28.0629 for the 1C sextupoles and
f = 28.0629 for the 3C sextupoles. The normal integrated sextupole coefficients
K2 of the chromatic settings can be calculated according Eq. (2.4), where the
sextupole current scales with the magnetic rigidity. The retrieved coefficients
for the triplet/doublet configuration at injection/extraction for 1C and 3C groups
are given in Table 2.5. The sextupole coefficients K2 in SIS-Expert (control
program for the SIS18) are in units of mrad/m2, for example, integrated sextupole
coefficient 0.02 1/m2 (MAD [38], MICROMAP [20] convention) is equal to 20
mrad/m2 in SIS-expert units. In MIRKO [39] the K2 has to be divided by a
factor of 2, so that K2=0.01 1/m
2 in MIRKO corresponds to 20 mrad/m2 in
SIS-expert.
There are two skew sextupoles S02KM5SS and S08KM5SS in periods 2 and 8 (see
Fig. 2.2), i.e. normal sextupoles rotated on 30◦. Their magnetic field must be
treated according to Eq. (2.3). These two sextupoles are not used in the chromatic
correction and were installed for purpose of compensation of third order vertical
resonances [40]. For this reason the skew sextupoles were manufactured with weak
magnetic field with maximum strength of 0.06 T/m [40]. The two sextupoles have
independent power supplies and have the conversional factor f = 100.
2.3.5 Q-kicker
This paragraph is devoted to the description of the SIS18 Q-kicker according to
the measurement purpose of this work. The Q-kicker in SIS18 is used for mea-
surement applications. The SIS18 magnetic Q-kicker is a dipole magnet, mounted
at 45◦ to the transport channel in period 5 (Fig. 2.2), so that after a dipole kick
both coherent betatron x- and y- oscillations of the beam are excited. Fig. 2.10a
shows the schematic sketch of the Q-kicker hardware [41]. The requested current
is imported to the kicker discharging a 300 m long coaxial cable. The ‘main’
switch sets the start of the discharge sequence, that can give the maximum kick
length of about 3 µs, due to the wave reflection during discharge in the pulse
cable. The ‘damp’ switch is used to shorten the discharge sequence time and
therefore changes the kick length. The start time is defined by the ‘main’ time
τM , whereas the kick length is governed by the ‘damp’ time τD. If both ‘main’
and ‘damp’ switches are closed at the same time then the kick length is about
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1.5 µs. In terms of absolute time meaning the kick length can be expressed as
τkick = τC + τD − τM , (2.5)
where the discharge time of the pulse cable τC = l · √r/c ≈ 1.5 µs with the
length l ≈ 300 m and material electric permeability r ≈ 2.2 − 2.7, c = 3 · 108
m/s. To reduce the kick length below 1.5 µs, the ‘damp’ switch has to be activated
before the ‘main’ switch is closed. Varying these two numbers (τM and τD) the
kick length can be adjusted. For uniform kicking of a bunched beam (kicking
of 4 bunches) the kick length must be a multiple of the revolution time divided
by the harmonic number 4. To align the kick signal over one or more bunches
without changing the kick length, both τM and τD have to be shifted on the same
amount. Such alignment might be needed to avoid that the kick signals covers
part of a bunch. For a uniform kicking of a coasting beam the kick length must
be equal to the revolution time. The timing setting for the Q-kicker can be done
by means of program mk in the SIS18 control software.
coaxialpulse cable (300 m, 25 )
maximum pulse time 3.0 s
W
m
25 W
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C
25 W
Z= 25 W
damping
switch
transmission
line
kicker magnet
kicker module
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observable differential signal
kick length
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0 time
a) Q-kicker hardware module b) Q-kicker voltage signal
Figure 2.10: The Q-kicker magnet of the SIS18
The Q-kicker signal produced by the hardware setup Fig. 2.10a is a derivative of
rectangular impulse (Fig. 2.10b). The differential signal is given by the fast rise
and fall pulses: the positive pulse corresponds to the rising edge, the negative
pulse corresponds to the falling edge. The kick duration can be checked directly
at the oscilloscope: the rising time (the position of the left kick) and the kick
length (distance between the two peaks).
3 Experiments and modeling of
linear beam dynamics in the
SIS18
A well-controlled linear optics of the SIS18 is necessary for further optimization
studies of nonlinear dynamics, resonance induced beam loss, dynamic aperture
and nonlinear error measurements. The analysis of the orbit response matrix
(ORM) [16] is a powerful tool to calibrate the linear lattice models. However,
while measuring the ORM, as an intermediate step, the closed orbit (CO) has
been corrected by the three-steerer-local-bump method [8]. The results of the CO
correction and orbit response analysis of several measurement campaigns on the
SIS18 are presented [6, 7]. The achieved improvement of the SIS18 performance
is discussed.
3.1 Review of methods for closed orbit (CO)
correction
The closed orbit correction is an important task in accelerator commissioning [8].
The position of the closed orbit in real accelerators is affected by the field errors
and the alignment errors of the magnets. CO errors are also relevant for feed
down effects of multipoles, which may generate dangerous resonances [5]. The CO
correction is important for machine operation: the better the CO is corrected, the
fewer the beam loss occurs during operation due to the increase of the machine’s
acceptance. In [42, 43, 44, 45] the CO is corrected using orbit response matrix
and Singular Value Decomposition method (SVD, see also APPENDIX A 7.1).
The orbit response matrix gives a change in CO by a change in steering angles.
It is measured by varying the strength of the horizontal and vertical steering
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magnets or constructed from calculated optics. The correction vector (series of
steering angles) is found solving the minimization least-square problem of the
distorted orbit at the BPM locations by varying steerers. Applying SVD allows
to handle an unequal number of BPM and steerers used and to avoid unnecessary
large strengths in them. A necessary configuration of the correction steerers is
given by the best compromise between the number of steerers, their strengths,
residual closed orbit and machine performance after correction in terms of linear
and nonlinear optics [42, 45].
The local closed orbit bumps are often used in purpose of the CO correction
[8, 42]. The idea of CO correction by three-steerer-local bumps has been chosen
for the application in the SIS18. CO measurements in the SIS18 [6] have shown
that the local bump ratio created by three steerers can be precisely fulfilled
[8]. The three-steerer-local bump method can be easily applied manually as well
as programmed into the accelerator’s control software (SISMODI). The method
allows to use all steerers available and to leave the CO unchange in sections where
the CO change is unwanted.
3.2 CO measurements and correction in the SIS18
In the framework of the SIS18 upgrade several measurement campaigns on the
closed orbit and its correction were carried out in February-May 2006. There
was no closed orbit optimization done in the SIS18 before 2006. The existing
steerer setting for the CO correction at injection was taken by B. Franczak in
1989 during the commissioning of the SIS18 [31, 40]. It was used as default in
SISMODI till May 2006.
There are 24 beam position monitors available for beam position measurements,
12 in each plane (see Section 2.3.2). At the time of the measurements (February-
May 2006) 6 horizontal and 12 vertical steerers were available for the CO correc-
tion and ORM measurements. By beginning of year 2008 6 horizontal steerers
were added to the CO correction purposes (see Section 2.3.1).
3.2.1 Test CO measurements and simulations
To measure the average beam position, two data acquisition systems are available:
1) directly by oscilloscope and 2) with the POSI program [46]. It is possible to
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measure the beam position at each BPM by oscilloscope in GSI ‘electronic room’
[47]. The use of the scope is manual and requires the development of software for
data acquisition. During SIS18 operations the CO is monitored with the POSI
program [46]. The POSI collects beam position measurements from all BPMs
automatically and summarizes all acquisitions into output files, which can be
used for oﬄine data analysis. The actual CO measurements are located on the
address: OPER$ROOT:[MISC]S2DXWERTE.PRI [46, 48]. The retrieved beam posi-
tion is averaged over the stored position data during the acquisition time (several
hundred turns) defined in POSI. There is the possibility to start measuring the
beam position at different initial times, by hardwiring the event in the electronic
room. The default setting for the POSI start is at the ’beginning of acceleration
ramp’, but it can be changed to any arbitrary event (to the ’beginning of injec-
tion’ or to the ’beginning of extraction’). To start the measurement, several cross
checks of the CO diagnostics were done.
3.2.1.1 Test 1: Comparison of oscilloscope and POSI measurement
Oscilloscope CO measurements may provide a complementary crosscheck of the
POSI results. The absolute beam position measured by POSI or oscilloscope
depends on different conditions (beam radial position, beam mismatch at injec-
tion and so on...) and can not be used to compare beam positions of different
measurements. The independent beam position measurement is provided by the
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Figure 3.1: Relative horizontal CO (the difference between orbits for steerers ON
and OFF) measured by oscilloscope (blue) and POSI (red).
relative change in beam position for two different steerer settings, for example,
with existing corrector setting and without. The relative CO measurement is
given by the difference between the CO when the correction steerers are turned
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ON and when they are switched OFF. In Fig. 3.1 the red and blue curves represent
POSI and oscilloscope relative CO measurements, respectively. Note BPM #7
was absent in this POSI measurement. The error bars to the oscilloscope curve
were calculated as a half of the minimum division on the scale of the oscilloscope.
The agreement between the oscilloscope and POSI curves is within the error-bars,
except for BPMs #1 and #4, where it is 1 mm beyond the error-bars.
3.2.1.2 Test 2: Comparison of MAD and MIRKO predictions with
measurements
Simulations with MAD [38] and MIRKO [39] of the relative CO (the difference
between orbits for steerers ON and OFF) were done in order to compare with the
POSI measurements (see Fig. 3.2). The MIRKO simulation was provided by
B. Franczak. In the horizontal plane MAD (black) and MIRKO (green) curves
do not completely overlap like in the vertical case, that is attributed to differ-
ent dipole modeling. The red curve represents the relative POSI measurement
of 08/02/2006, the same POSI measurement of the horizontal CO is shown in
Fig. 3.1. The vertical BPMs #7 and #8 were absent in this measurement. The
relative experimental horizontal and vertical CO curves do not fully overlap the
theoretical ones. To fit them completely the ORM analysis is required.
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Figure 3.2: Relative CO (the difference between orbits for steerers ON and OFF)
a) horizontal and b) vertical: MAD calculation (black), MIRKO cal-
culation (green) and measurement of 08/02/2006 (red).
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3.2.1.3 Test 3: Reproducibility of closed orbit measurements with POSI
To crosscheck the POSI measurement of 08/02/2006 the relative CO (for steerer
setting ON and OFF) was measured on 23/02/2006, 15/03/2006 and 05/04/2006.
The reproducibility of the relative POSI measurements for a fixed tune has been
confirmed. Figure 3.3 shows several relative CO measurements by POSI. All
CO measurements in Fig. 3.3 were taken for the tune Qx = 4.29, Qy = 3.29
at injection energy. From experiment to experiment the number of functioning
BPMs was not constant. The CO measurements were performed on different days
with different SISMODI parameters and fluctuations therefore are below +/- 2
mm for the horizontal CO and +/- 1 mm for the vertical CO. Nevertheless, the
reproducibility of the relative CO for different measurements is observed.
HORIZONTAL
-20
-15
-10
-5
0
5
10
15
20
12 1 2 3 4 5 6 7 8 9 10 11
#BPM
April 5
February 8
February 23
March 15
S
IS
1
8
H
o
ri
z
o
n
ta
l
C
lo
s
e
d
O
rb
it
,
m
m
-20
VERTICAL
-15
-10
-5
0
5
10
15
20
12 1 2 3 4 5 6 7 8 9 10
# BPM
S
IS
1
8
V
e
rt
ic
a
l
C
lo
s
e
d
O
rb
it
,
m
m
11
April 5
February 8
February 23
March 15
a) Horizontal CO b) Vertical CO
Figure 3.3: Reproducibility of horizontal a) and vertical b) relative CO in POSI
measurements.
3.2.2 Calibration factors of BPMs and steerers
A calibration factor of a generic device is defined by the ratio between a ‘nominal’
value of a quantity and a value of effective action produced by the device. For
the ideally calibrated device the calibration factor is equal to 1, i.e. the ‘nominal’
value of the input quantity is processed by the device without adding artifacts.
Every BPM and steerer being considered as a generic device has a calibration
factor. But there is a difference in the way how a BPM and a steerer are used
in accelerator. Fig. 3.4 demonstrates the BPM-steerer action on particle beam,
so that the beam response is used as a diagnostic tool to define the BPM and
steerer calibration factors. The magnetic field produced by the steerer acts on the
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particle beam and produces the shift in beam position which serves as ‘nominal’
value for the BPM measurement. A BPM is a generic measurement/diagnostic
device. Steers, dipoles, quadrupoles, sextupoles etc. are generic control devices.
The measured beam position is equal to ‘nominal’ angle scaled with calibration
factors g and f according to the formula
xreal ∼Mθnominal gf , (3.1)
where M is proportionality coefficient, namely, an element of the orbit response
matrix. Reasons for ‘wrong’ calibration of the devices can be numerous: broken
power supplies, amplifiers, uncorrected magnet polarities or a conversion factor
mistakes in a control software etc.
nominalangle
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magnetic field
change in
beam position
measured
position
current
Device
steerer
calibration
factor f
calibration
factor g
current
Device
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Figure 3.4: Role of BPM and steerer calibration factors in the beam position
measurement.
3.2.3 Three-steerer-local-bump orbit distortion
The CO can be locally distorted or corrected at specified locations using three
steering dipoles [8]. Taking any three steering magnets with corresponding bump
angles (θ1, θ2, θ3) the condition of the local bump leaves the orbit at steerers 1 and
3 unchanged so that the CO outside of the steerer region 1-3 remains unchanged
(see Fig. 3.5). This requirement sets a constraint between the angles (θ1, θ2, θ3)
according to
θ2 = −θ1
√
β1
β2
sinψ31
sinψ32
θ3 = θ1
√
β1
β3
sinψ21
sinψ32
,
(3.2)
where θ1 is an arbitrary angle, βi is the β-function of the lattice at the ith steering
magnet, ψij = ψi−ψj is the phase advance from the ith to the j th steering dipole.
It is not necessary that all three steerers are located in neighbouring periods. Due
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Figure 3.5: The schematic SIS18 ring (containing dipole and quadrupole mag-
nets) and three horizontal steerers indicated with arrows. The regions
inside and outside (red) the steerers 1-3 are shown.
to the SIS18 symmetry in location of steerers in every period, the bump angles
are dependent only on the phase advance between the steering dipoles, which
could be written as ψij = (j− i)∆ψ, where ∆ψ = 2piQ/N , N = 12 is the number
of periods, and Q is the horizontal/vertical tune. For three neighbouring steerers
symmetrically located, the local bump condition (3.2) becomes
θ2 = −2θ1 cos ∆ψ
θ3 = θ1 ,
(3.3)
where θ1 is an arbitrary angle. Therefore for applying Eq. (3.3) no optical func-
tions are needed: only the phase advance between steering dipoles ∆ψ.
The effect of the CO local bump simulated in MAD by using the above described
formulas for the horizontal and vertical plane is presented in Fig. 3.6. In Fig. 3.6a
the effect of the vertical local orbit distortions in the presence of two sets of steer-
ers is shown. The first set is formed by using the steering dipoles in the 1st, 2nd
and 3rd period. The second set is formed by the steering dipoles in 7th, 8th and
9th period. These two sets differ in the direction of bumping by the sign of θ1.
The settings for θ1, θ2 and θ3 calculated by Eq. (3.3) are summarized in Table
3.1. The angles θ are in mrad. Figure 3.6 and Table 3.1 show that curves 1, 2
and 3 (4, 5 and 6) differ from each other by the strength of the bump angles.
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Figure 3.6: a) Simulation for SIS18 lattice of two sets of vertical local CO distor-
tions using three steering dipoles in the 1st, 2nd, 3rd period, and in
the 7th, 8th, 9th period and b) three horizontal local CO distortions
using three steering dipoles in the 3rd, 5th, 9th period.
Table 3.1: The SIS18 steering angles in mrad for the horizontal and vertical local
orbit distortion in Fig.3.6.
vertical steering angles, θ curve 1 curve 2 curves 3
θ1 0.10 0.50 1.0
θ2 0.03 0.15 0.3
θ3 0.10 0.50 1.0
vertical steering angles, θ curve 4 curve 5 curve 6
θ7 -0.10 -0.50 -1.0
θ8 -0.03 -0.15 -0.3
θ9 -0.10 -0.50 -1.0
horizontal steering angles, θ curve 1 curve 2 curve 3
θ3 0.100 0.500 1.00
θ5 -0.183 -0.915 -1.83
θ9 -0.227 -1.135 -2.27
It is not necessary that all three steerers are located in neighbouring periods.
In the horizontal plane (at injection energy) only six steerers are available. The
example of applying Eq. (3.2) for the combination (3, 5 and 9) of horizontal
steerers is presented in Fig. 3.6b with steering angles reported in Table 3.1. Due
to the symmetrical locations of the 3rd, 5th and 9th steerers in every first dipole
Eq. (3.2) reads
θ5 = −θ3 sin 6∆ψsin 4∆ψ
θ9 = θ3
sin 2∆ψ
sin 4∆ψ
,
(3.4)
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where θ3 is an arbitrary angle. Note that steerer #6 is located in the second
dipole (not symmetric to the others). Calculations of bump angles using this
steerer should be done by Eq. (3.2) including the β-functions (β-function of the
SIS18 is different for injection and extraction energy).
An example of the experimental horizontal and vertical three-steerer-local-bump
is given in Fig. 3.7. The direction of CO bump in the horizontal plane is op-
posite to the direction in the vertical plane. The direction of the ordinate axis
in Fig. 3.7a (for the horizontal CO) points outwards from the ring center. In
Fig. 3.7b (for the vertical CO) the ordinate goes up (towards the sky) from the
plane of the reference orbit. The abscissa in Figs. 3.1a and b runs along the ac-
celerator’s circumference starting from the beam injection in the period 12 [35].
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Figure 3.7: Local CO distortion of different strength θ1= -1.0 mrad (black),
θ1= -0.5 mrad (red), θ1= 0.5 mrad (magenta), θ1= 1.0 mrad (blue)
measured at 12 BPMs by POSI created by a) three horizontal steer-
ers #6 (S06MU1A), #9 (S09MU1A) and #12 (S12MU1A), and b)
three vertical steerers #4 (S04KM2DV), #5 (S05KM2DV) and #6
(S06KM2DV); measurement of 28/02/2006.
It is important to notice that the steerers should be ‘well’ calibrated, i.e. all the
steerers have the same calibration factors, which are equal to 1.0. If the ratio
between θ1, θ2 and θ3 calculated according to Eq. (3.2) is broken because of bad
steerer calibration, then the creation of a local CO distortion is impossible. In this
case the CO will be globally distorted along the machine. In Fig. 3.8 an example
of ‘well’ a) and ‘wrong’ b) vertical steerer calibration measured in the SIS18 is
shown. The BPM #8 (S08DX) is not functioning in the measurement. If the
calibration factors of all three steerers are equal then the ratio between the three
steerer angles is fulfilled and the ‘perfect’ local bump is possible, see Fig. 3.8a.
28 3. Experiments and modeling of linear beam dynamics in the SIS18
VERTICAL
-20
-15
-10
-5
0
5
10
15
20
12 1 2 3 4 5 6 7 8 9 10 11
#BPM
S
IS
1
8
V
e
rt
ic
a
l
C
lo
s
e
d
O
rb
it
,
m
m
-0.5
-1
0.5
1
VERTICAL
-20
-15
-10
-5
0
5
10
15
20
12 1 2 3 4 5 6 7 8 9 10 11
# BPM
S
IS
1
8
V
e
rt
ic
a
l
C
lo
s
e
d
O
rb
it
,
m
m
-0.5
-1
0.5
1
a) ‘Perfect’ local bump b) ‘Imperfect’ local bump
Figure 3.8: Local vertical CO distortion of different strength θ1= -1.0 mrad
(black), θ1= -0.5 mrad (red), θ1= 0.5 mrad (magenta), θ1= 1.0 mrad
(blue) measured at 12 BPMs by POSI created by three vertical steer-
ers a) #1 (S01KM2DV), #2 (S02KM2DV) and #3 (S03KM2DV),
and b) #9 (S09KM2DV), #10 (S10KM2DV) and #11 (S11KM2DV);
measurement of 28/02/2006.
In this case the CO distortion is localized between BPMs #1 (S01DX) and #3
(S03DX), which are in the same periods with the steerers #1 (S01KM2DV) and
#3 (S03KM2DV) [6]. If the calibration factors of the steerers are different then
the local bump is ‘imperfect’ and the CO is globally distorted, see Fig. 3.8b. To
perform the CO correction by the three-steerer-local-bump method in an optimal
way, a ‘well’ calibration of the all steerers and BPMs has to be checked by ORM
modeling.
3.2.4 Using local bumps for correcting the SIS18 CO
The three-steerer bump can be applied to a distorted closed orbit by bumping
it with a proper angle in the opposite direction of the measured distortion to
minimize the CO distortion. The three-steerer-local-bump method is used as the
following: the uncorrected CO shift x0 in one BPM located between steerers 1
and 3 is measured with the POSI. By varying θ1 and applying (θ1, θ2, θ3) obtained
from Eq. (3.3) the ∂x0/∂θ1 is estimated. As the dynamics is linear, the CO at
the BPM location is related to θ1 via
x = x0 +
∂x0
∂θ1
θ1 . (3.5)
By requiring x = 0 to correct the CO, θ1 = −x0/(∂x0/∂θ1) is found. Using
this value in Eq. (3.3) the correction of the CO inside the steerer region 1-3 (see
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Fig. 3.5) is performed. By repeating this procedure to all steerers in groups of
three the CO is consequently corrected at all positions in each plane.
3.2.5 The results of the correction
Figure 3.9a shows the uncorrected and corrected horizontal and vertical CO at
injection energy 11.4 Mev/u for 30Si14+ and Qx = 4.17, Qy = 3.35. Figure 3.9b
shows the uncorrected and corrected horizontal and vertical CO at extraction
energy 100.0 Mev/u, for the same tune. The vertical CO was brought to a
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Figure 3.9: The horizontal (red), vertical (green) CO before and after the cor-
rection at injection a) and extraction energy b).
straight line with nearly zero mm displacement. The horizontal correction was
performed not as accurate as the vertical one because of the lack of steerers
(only 6 in this plane) and unipolarity of the steerers used. The CO was also
corrected for the extraction energy. At extraction two more horizontal steerers
are available in periods 10 and 11. They are used for a dedicated electron cooler
bump at injection. In Table 3.2 the horizontal and vertical steering angles of
the performed correction on 01/05/2006 are given in mrad. These correction
values were saved in SISMODI [7]. It was checked that the correction setting
found keeps the CO corrected over a wide range of energies [100;1000] Mev/u.
The robustness of the correction has been verified by changing the tune from
Qx = 4.29, Qy = 3.29 to Qx = 4.17, Qy = 3.35, the present high intensity working
point, and kept the correction steerers unchanged. No relevant CO changes were
found. This suggests that the dipolar errors in the SIS18 are not sensitive to
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Table 3.2: The horizontal and vertical correction steering angles in mrad, cor-
rection of 01/05/2006.
Period Name of steerer Value setting Name of steerer Value setting
number at injection at injection at extraction at extraction
1 S01KM2DV 1 0.163 S01KM2DV 2 -0.146
2 S02KM2DV 1 -0.496 S02KM2DV 2 -0.017
3 S03KM2DV 1 0.025 S03KM2DV 2 -0.135
4 S04KM2DV 1 -0.368 S04KM2DV 2 -0.023
5 S05KM2DV 1 -0.379 S05KM2DV 2 -0.529
6 S06KM2DV 1 0.375 S06KM2DV 2 0.284
7 S07KM2DV 1 -0.441 S07KM2DV 2 -0.241
8 S08KM2DV 1 -0.417 S08KM2DV 2 -0.065
9 S09KM2DV 1 -0.245 S09KM2DV 2 -0.184
10 S10KM2DV 1 -0.088 S10KM2DV 2 -0.039
11 S11KM2DV 1 -0.500 S11KM2DV 2 -1.000
12 S12KM2DV 1 -0.177 S12KM2DV 2 0.123
1 S01MU1A 1 -0.965 S01MU1A 2 -0.993
3 S03MU1A 1 0.335 S03MU1A 2 0.241
5 S05MU1A 1 1.036 S05MU1A 2 1.742
6 S06MU2A 1 1.190 S06MU2A 2 1.900
9 S09MU1A 1 -0.741 S09MU1A 2 0.000
12 S12MU1A 1 -0.387 S12MU1A 2 -0.387
10 —— —— S10MU1A 2 -0.990
11 —— —— S11MU1A 2 -0.217
the tune change in the range explored, and the CO correction made for the tune
Qx = 4.29, Qy = 3.29 is valid for the tune Qx = 4.17, Qy = 3.35. Tests performed
with optimized multiturn injection have shown that when the CO is corrected
the beam intensity increased at least by a factor of 2.
3.2.6 Automatized CO correction in the SIS18
In December 2006 the three-steerer-local-bump method for CO was implemented
into the SIS18 control software by A. Redelbach [48]. The algorithm is not com-
pletely automatized yet, it needs manual operation of SISMODI programs (POSI,
SISexpert, SIST) [49]. The three steerers for each local correction need to be set
manually according to the following algorithm using SIST [49]:
1. POSI: Orbit measurement (‘Protokoll drucken’)
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2. Close SISMODI
3. SIST: Choose Virtual Accelerator
4. Choose plane (x or y)
5. Choose injection or extraction
6. Select steerers
7. Select correction set with three steerers
8. Choose reference position for the correction
9. Calculation, cross check of signs for steerer settings
10. Reopen SISMODI.
The complete correction along the machine then is given by a super position of
all local corrections. On 27/08/2007 the presented algorithm was successfully
tested at injection and extraction energy for the tune Qx = 4.29, Qy = 3.29 (see
Fig. 3.10). The steering correction angles are presented in Table 3.3. At this point
additional horizontal steerers #10 and #11 were available for the CO correction
at injection energy early used for a dedicated electron cooler bump (at injection
energy). However, the horizontal CO correction was still restricted since only 8
horizontal steerers were available and 6 of them have unipolar powers supplies
(see Table 2.4).
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Figure 3.10: Test of the automatized horizontal (red) and vertical (green) CO
correction carried out 27/08/2007 at injection energy.
Four new horizontal bipolar steerer power supplies were installed in the SIS18 in
February 2008 [50] so that every period has a usable horizontal correction steerer.
The automatized CO correction was repeated for the change of the machine on
21/02/2008. However, the horizontal CO correction is still restricted since 6 hor-
izontal steerers used are unipolar. The unipolarity of their power supplies often
interferes with signs of correction angles given by the three-steerer-local bump
condition (3.2). Replacement of these 6 horizontal steerer power supplies to
bipolar is foreseen [50]. A fully automatic CO correction using a Graphical User
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Table 3.3: The horizontal and vertical correction steering angles in mrad, cor-
rection of 27/08/2007.
Period Name of steerer Value setting Name of steerer Value setting
number at injection at injection at extraction at extraction
1 S01KM2DV 1 -0.048 S01KM2DV 2 0.100
2 S02KM2DV 1 -0.488 S02KM2DV 2 0.000
3 S03KM2DV 1 0.146 S03KM2DV 2 0.000
4 S04KM2DV 1 0.044 S04KM2DV 2 -0.241
5 S05KM2DV 1 -0.196 S05KM2DV 2 0.000
6 S06KM2DV 1 0.748 S06KM2DV 2 0.261
7 S07KM2DV 1 -0.256 S07KM2DV 2 0.000
8 S08KM2DV 1 -0.220 S08KM2DV 2 0.000
9 S09KM2DV 1 -0.169 S09KM2DV 2 0.000
10 S10KM2DV 1 -0.146 S10KM2DV 2 0.032
11 S11KM2DV 1 -0.729 S11KM2DV 2 -0.820
12 S01KM2DV 1 -0.250 S12KM2DV 2 0.200
1 S01MU1A 1 -0.965 S01MU1A 2 -1.239
3 S03MU1A 1 0.000 S03MU1A 2 -0.028
5 S05MU1A 1 1.036 S05MU1A 2 0.070
6 S06MU2A 1 1.190 S06MU1A 2 0.465
9 S09MU1A 1 0.000 S09MU1A 2 0.622
10 S10MU1A 1 0.000 S10MU1A 2 0.000
11 S11MU1A 1 0.000 S11MU1A 2 0.000
12 S12MU1A 1 -0.387 S12MU1A 2 -0.562
Interface (GUI) application for daily machine operations is planned [48]. Mean-
while the CO correction methods based on the horizontal ORM (see Section 3.1)
might be applied.
3.3 Improving the SIS18 performance by use of the
Orbit Response Matrix (ORM) method
The Orbit Response Matrix (ORM) accelerator modeling [15, 16, 8, 51] can be
used to calibrate power supplies of quadrupoles, dipoles, steering magnets and
BPMs as well as their misalignment errors. The outcome of response matrix
modeling depends on the BPM resolution, the number of BPM and steerers, and
the machine stability during the experimental measurement. The ORM analysis
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was applied to find a better lattice model of the GSI heavy ion synchrotron SIS18
[52, 53]. Using the horizontal and vertical closed orbit data it was possible to
calibrate the 18 steerers (6 horizontal and 12 vertical), 24 BPMs (12 horizontal
and 12 vertical) and 24 quadrupole gradients (12 focusing and 12 defocusing).
The results of several measurements done in February-April 2006 are presented
and the achieved improvement of the SIS18 performance is discussed.
3.3.1 Analytical model and numerical solution
In the presence of field and alignment errors in the magnets, Hill’s equation is [8]
d2z
ds2
+Kx,y(s)z =
∆B
Bρ
, (3.6)
where z stands for horizontal x and vertical y coordinates. The perturbing field
∆B = ∆By for horizontal motion and ∆B = −∆Bx for vertical motion can be
represented by
∆By + i∆Bx = B
∞∑
n=0
(kn + ijn)
n!
(x+ iy)n . (3.7)
Here i is an imaginary number, B is the main dipole field, ρ is the bending radius,
kn and jn are normal and skew multipole coefficients: k0 and k1 are respectively
the dipole and quadrupole field errors, k2 is the sextupole field error; j0 is the
dipole tilt error, j1 and j2 are skew quadrupole and skew sextupole field errors.
The closed orbit solution of the inhomogeneous Hill equation can be imposed via
the Green function [8]
zco(s) =
∫ s+C
s
G(s, t)
∆B(t)
Bρ
dt , (3.8)
where the Green function is
G(s, t) =
√
β(s)β(t)
2 sin(piν)
cos(piν − |ψ(s)− ψ(t)|) . (3.9)
Equation (3.8) shows that the beam closed orbit in a synchrotron is equal to
the propagation of the dipole field error through the Green’s function that is an
intrinsic property of the betatron function [8]. The linear betatron perturbations
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resulting from dipole and quadrupole field errors result in closed orbit and β-
function distortions. The quadrupole and dipole field errors arise from variation
in the length of quadrupoles and dipoles or errors in their power supplies. The
ORM method measures the closed-orbit response induced by a known dipole field
perturbation. The orbit response matrix gives a change in closed orbit xCO, yCO
by change in steerer angles θx, θy [16](
xCO
yCO
)
= Morm
(
θx
θy
)
, (3.10)
where Morm is either measured or model response matrix, xCO = (xCO,1xCO,2 ...),
yCO = (yCO,1 yCO,2 ...), θx = (θx,1 θx,2 ...), θy = (θy,1 θy,2 ...) and the indices 1, 2, 3...
are the BPMs and steerer sequence as found in the ring [8]. The closed orbit
response to a single dipole kick ∆θ considered together with the energy shift
associated with the kick is [15, 54, 55]
∆xCO(s) =
∆θ
√
β(si)β(sj)
2 sin(piν)
cos(piν − |ψ(si)− ψ(sj)|) + ∆θ η(si)η(sj)
L0(αC − 1/γ2) ,
(3.11)
where si, sj are the positions of the ith BPM and the jth steerer; β(si) and
β(sj) are the β-functions at these locations; ψ(si), ψ(sj) are the phase-advances;
ν stands for the tune; η(si), η(sj) are the dispersions at the BPM and steerer
locations; αC is the momentum compaction factor; L0 is the accelerator’s cir-
cumference; γ is the Lorentz factor. The second term in Eq. (3.11) is a small
correction reflecting the change in the beam energy induced by a kick at a dis-
persive location [15, 55, 56].
∆x
(2)
CO(s) =
{
∆θ η(si)η(sj)/L0αC , if γ  1 ,
−∆θ η(si)η(sj)γ2/L0, if γ ' 1 ,
(3.12)
For the SIS18 dispersion of about 2 m [57], θ = 1 mrad, γ ≈ 1.5, L0 = 216 m
and αC ≈ 0.04, the CO shift ∆x(2)CO is about 0.04 mm. The correction term due
to energy change is smaller than 1% compared to the first term in Eq. (3.11).
The following model parameters (variables) are defined
• BPM calibration factors g = {gi}, i = 1...I, I is the total number of BPMs,
• steerer calibration factors f = {fj}, j = 1...J , J is the total number of
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steerers,
• quadrupole gradients q = {ql}, l = 1...L, L is the total number of quadrupoles,
which form the model/fit parameters vector x = (g, f ,q) = {xm}, m = 1...M ,
M = I + J + L is the total number of model parameters.
The task of ORM accelerator modeling is to adjust the model parameters until the
difference between the measured matrix and the model matrix derived from an
accelerator model is minimized. To minimize the difference between the model
Mmod and measured Mexp orbit response matrices, the vector Vn = (M
mod
ij −
M expij )/σij is defined, where the components ij of the matrix into a vector of
n components are ordered. The index n runs over all the data points and is
formed by multiplication of the number of steerers varied j and the number of
BPMs used i. Each n corresponds to a precise value of ij, that is n → (i, j).
The total number of fitting data points is N = I × J . The weighting factor σij
(rms uncertainty of the measurement in each point) gives more weight to those
measured ORM elements with lower measurement errors. The measured matrix
always includes the BPM and steerer calibration factors and can be derived via
M expij = M
data
ij /(gi fj).
The χ2-function is a function which is used in statistics to express how much
a theoretical model differs statistically from experimental data [58, 59]. The
following χ2-function is introduced as a measure of difference between Mmod and
Mexp and has to be minimized
χ2 =
∑
n
Vn
2 =
∑
n
[Mmod
ij
−Mdata
ij
/(gifj)]
2
σij
2
. (3.13)
The multi-dimensional non-linear least-square problem (3.13), i.e. the minimiza-
tion of χ2, can be solved by varying the model parameter vector x = {xm}, which
are quadrupole gradients q = {ql}, steerer calibration factors f = {fj} and BPM
calibration factors g = {gi}. The variation V due to the variation of the m-th
component of x is found [59]
Vn(x + ∆x) ≈ Vn(x) +
∑
m
∂Vn
∂xm
∆xm . (3.14)
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Imposing Eq. (3.14) to zero and building an iterative process, an approximate
solution by multi-dimensional Newton method is found
Vn(x) +
∑
m
∂Vn
∂xm
∆xm = 0 . (3.15)
The Jacobian J of the linear system of equations (3.15) consists of all partial
derivatives of the parameters
Jnm =
∂Vn
∂xm
. (3.16)
Equation (3.15) is called the normal equation of the least-square problem [59]
and can be rewritten in the following way
V + J∆x = 0 , (3.17)
where V = {Vn}, J = {Jnm}, ∆x = {∆xm} is the change in the model parameter
vector and ∆xm is the change of m-th model parameter. By iteratively solving
the linear Eq. (3.17), χ2 can be minimized and the vector of model parameters x
for the best fitted model can be obtained.
3.3.1.1 Calculation of the Jacobian
The Jacobian matrix is the matrix of all first-order partial derivatives of the model
parameters. The Jacobian (3.16) is formed by sub-Jacobians for every group of
parameters [14]. The sub-Jacobians for steerer and BPM calibration factors are
dependent on the measured matrix and the first-order partial derivatives are
(Jg)ni =
∂Vn
∂gi
=

0, if i 6= i
Mdata
ij
σij g
2
i fj
, if i = i ,
(3.18)
(Jf )nj =
∂Vn
∂fj
=

0, if j 6= j
Mdata
ij
σij gi f
2
j
, if j = j ,
(3.19)
where i, j stand for the indices of variables kept constant. The sub-Jacobian for
quadrupole gradient strength errors is dependent on the model matrix. To calcu-
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late the first-order partial derivative each quadrupole gradient ql gets a deviation
 of about 1-2% of its nominal value
(Jq)nl =
∂Vn
∂ql
=
Mmod
ij
(q + vˆ)−Mmod
ij
(q)
σij 
, (3.20)
where vˆ expresses the deviation for the vector q = {ql}. Equation (3.17) in terms
of sub-Jacobians could be rewritten as
V + Jq∆q + Jg∆g + Jf∆f = 0 . (3.21)
3.3.1.2 Degeneracy of BPM and steerer calibration factors
The sub-Jacobians Jf for steerer calibration factors and Jg for BPM calibration
factors are correlated. It is not possible to vary all the BPM calibrations g = {gi}
and all steerer calibrations f = {fj} independently. All the BPM calibration
factors could be increased while all the steerer calibration factors were decreased
on the same amount, and the model matrix would stay constant [15, 16]. It is seen
as well from the definition of BPM and steerer calibration factors, see Eq. (3.1). If
a BPM and steerer calibration factors are g = a/f , f = a the same beam position
will be detected for any constant a (if a = 1 they would be ‘well’ calibrated).
Two different combinations of g and f corresponding to the same beam position
indicate the degeneracy of these parameters. The degeneracy leads to a zero
eigenvalue of the Jacobian J and the matrix JTJ [59] thus the rank of the Jacobian
J is one dimension lower. For I ·J considered BPM and steerer calibration factors,
I · J−1 are independent and form a unique combination. The first approach to
avoid the degeneracy requires considering a dispersion function, which would
decouple BPM and steerer calibration factors [15, 16, 17, 60]. By extending the
orbit response matrix by one more column that consists of dispersion terms will
increase the rank of Jacobian J by one, so that I ·J BPM and steerer calibration
factors would be independent. The dispersion can be measured as a closed orbit
shift (at each BPM) by changing the beam energy (or RF frequency) or the
strength of the bending magnets [60]. Including the dispersion data provides
additional information for the fitting, improves the convergence and error-bars of
parameters. A second way to avoid the degeneracy (if the dispersion measurement
was not done) is to assume that one horizontal and one vertical steerer are ‘well’
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calibrated. In the ORM modeling these two steerer strengths were kept constant
equal to 1 and excluded from the model parameters to be varied. All the other
steerers and BPMs were calibrated relative to these two steerers.
3.3.1.3 Solving the system of linear equations: Singular Value
Decomposition method
In general, Gaussian elimination is the common method used to solve sets of
linear equations of square dimension N × N . The least-square problems for
ORM modeling are often over determined, i.e. the number of data points N is
greater than the number of parameters M (the Jacobian matrix is not ‘square’
M 6= N). For this case SVD gives a solution with the minimum norm that is
the best approximation in the least-square sense (so called residual solution). So
that according to SVD method Jacobian matrix Eq. (3.16) can be written as a
product
J = UΛQT , (3.22)
where U, Q are orthogonal matrices, Λ is a diagonal matrix consisting of eigen-
values of matrix JTJ. The solution (the change in the model parameter vector
x) in one iteration is performed via pseudo-inverse of the decomposed Jacobian
J
∆x = −J−1V = −QΛ−1UTV . (3.23)
The model parameter vector x on the k + 1 iteration is defined as
xk+1 = xk −Q(xk)Λ−1(xk)UT (xk)V(xk) . (3.24)
The new value xk+1 has to satisfy the χ2-convergence condition: χ2k+1 < χ
2
k. By
iterating till the desired χ2-tolerance is reached, the fitted model can be obtained.
Practically the iterations can be stopped when an extra iteration introduces only
a small change to χ2.
However, a very common situation is when some of the eigenvalues of matrix JTJ
are very small but nonzero, thus their inverse will dominate, so that the matrix
is ill-conditioned [59]. Some of the small eigenvalues might be generated by noise
in beam position data, measurement errors or non-essential accelerator parame-
ters. The noise in the measured orbit response matrix acts like a perturbation
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of its elements. This results into the dependence of eigenvalues of the ORM (as
well as of the matrix JTJ) on the perturbation. The perturbed eigenvalues can
degenerate, i.e. being very small or even zero, that makes the solution unstable.
In that case SVD is needed to set a tolerance threshold (to cut-off small eigen-
values) to obtain a satisfactory results: set the inverse of all eigenvalues to zero
if they are smaller than a cut-off (tolerance) threshold. As small eigenvalues can
have a big contribution in the solution, SVD with tolerance threshold can not be
applied blindly. The choice of the tolerance threshold for SVD in experimental
data analysis is a very delicate task: cutting out too many eigenvalues will make
the solution space incomplete and solution will suffer, leaving in too many small
eigenvalues will make the solution unstable.
3.3.1.4 Solving the system of linear equations: Levenberg-Marquardt
method
Levenberg-Marquardt is another method, which is very well used in practice and
has become the standard of nonlinear least-squares routines. Instead of solving
the linear system of equations (3.17) with Jacobian (3.15) the following equation
is solved [59]
(JTJ + λI)∆x = −JTV, (3.25)
where I is the identity matrix, λ is an adjustable parameter, which belongs to
the interval [0, 1]. At every iteration the parameter λ is adjusted to satisfy the
χ2-convergence condition: χ2k+1 < χ
2
k. The parameter vector on the next iteration
is defined as xk+1 = xk + ∆x.
The recommended Levenberg-Marquardt algorithm is the following [59]:
• Compute χ2(x);
• Pick a modest value for λ, say λ = 0.001;
• (†) Solve Eq. (3.25) for ∆x and evaluate χ2(x + ∆x);
• If χ2(x+∆x) ≥ χ2(x), increase λ by a factor of 10 (or any other substantial
factor) and go back to (†);
• If χ2(x+∆x) < χ2(x), decrease λ by a factor of 10, update the trial solution
x← x + ∆x, and go back to (†).
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According to the above algorithm χ2 converges to the solution while the param-
eter λ converges to zero [59]: lim
λ→0
χ2 → 0, so that Eqs. (3.25) and (3.23) have the
same solution (see APPENDIX B 7.2).
Note that Levenberg-Marquardt is faster then SVD since the matrix on the left
hand side of Eq. (3.25) has smaller dimension. SVD requires an extra array of
size N ×M to store the whole matrix J.
For SVD and Levenberg-Marquardt methods it is important to guess the initial
approximation to the solution. The closer the values of the initial approximation
for parameters to the real solution the faster iterative process converges.
Note, that both SVD and Levenberg-Marquardt methods do not provide an error
estimation to the solution.
3.3.2 The ORM experiment
Detailed information about the ORM measurement campaigns is presented in
Table 3.4. The SIS18 ORM was measured for horizontal and vertical planes at
the injection energy ≈ 11 MeV/u for a bunched beam. The multiturn injection
was set to fill the SIS18 acceptance. A medium intensity level of 109 particles
in all the measurements was required in order to exclude the influence of space
charge on the beam position measurements and to provide a good signal-to-noise
ratio at the BPMs. In order to have statistics of ORM fittings, the orbit response
matrix was measured three times [16] (see Table 3.4).
Table 3.4: The ORM measurement campaigns in February-April 2006.
ORM Ion Operating Missing BPMs
measurement tunes
February 28 107Ag43+ (4.29;3.29) #3, #7 horizontal,
#7, #8 vertical
April 8 86Kr34+ (4.29;3.29) #11 vertical
April 20 40Ar18+ (4.17;3.35) #11 vertical
The average beam position was measured by the POSI program [46] (see Section
3.2.1). The accuracy of a beam position measurement, defined as a statistical
error of a single measurement is about ± 0.5 mm in horizontal and ± 0.14 mm in
vertical plane, respectively. Note that the horizontal accuracy is approximately
tree times poorer than the vertical. This accuracy is determined by the beam
size, ADC resolution, thermal noise of the preamplifier and digitalization noise.
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Both noise sources have stochasic character, whereas the noise caused by the dig-
italization is dominant. The averaging over many turns improves the precision of
the position measurement by canceling of the stochastic noise, but it can be used
only as long as the beam parameters remain constant. Otherwise, the changes
of the beam parameters enter as systematic error in the position measurement
accuracy [34, 35]. The thermal noise in the beam position data is reduced by
using the narrowband analysis [13], which is equivalent to averaging over many
turns.
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Figure 3.11: a) Vertical and b) horizontal closed orbit displacement vs. vertical
steering angle. Dots are the measurement values. The solid lines
represent the linear fits. Number of every color line corresponds to
number of BPM.
The ORM is given by the linear fit to the closed orbit vs. the steerer angle.
The slopes of the lines in Fig. 3.11 form the ORM and their standard deviations
form the rms uncertainty matrix σij. The best accuracy of the ORM achieved
in the fit is 0.02 mm/mrad. The maximum deviation from the linear fit is 0.9
mm/mrad. Note that the larger the amplitude of the shifted orbit, the better the
signal to noise ratio. The maximum beam amplitude is limited by the machine
nonlinearities: the kick angle should not be too strong.
Figure 3.11a shows that within 1 mrad the response is still linear, which corre-
sponds to a CO shift about 5 mm. The CO correction term ∆x
(2)
CO due to energy
change defined by Eq. (3.12), compared with 5 mm is less than 1%, was neglected.
The linear optics errors (fit/model parameters) considered here are: steerer {fj}
and BPM {gi} calibration factors and quadrupole gradient errors {ql}. In the
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model as well as in the measurement the complete response matrix Morm is
Morm =
(
Mxx Mxy
Myx Myy
)
(3.26)
where Mxx is the horizontal response to horizontal steerers, Mxy is the horizontal
response to vertical steerers, etc... The off-diagonal sub-matrices Mxy and Myx
would be zero, if no coupling between horizontal and vertical planes is present.
The ORM measurements were performed under the conditions to reduce the
impact of linear coupling. The condition of linear coupling Qx −Qy = 1 for the
measured tunes is not satisfied, in fact Qx−Qy = 1.05 (February 28, April 8) and
Qx −Qy = 0.87 (April 20). However, the value 1.05 is at the edge of the linear-
coupling resonance stop-band [3]. In the three measurements it has also been
checked (see Table 3.4) that a kick in vertical direction has no horizontal orbit
response (no impact on horizontal BPMs). This result is shown in Fig. 3.11b, the
slopes of the parallel (to axis of abscissas) lines are the elements of the matrix
Mxy. As the elements of the off-diagonal matrices Mxy and Myx are of the
same order or below their standard deviations σij, with average value of 0.15
mm/mrad, the decoupled model was applied in the present ORM modeling. No
coupling fitting was considered: the off-diagonal sub-matrices Mxy and Myx are
assumed to be equal zero and excluded from the fitting.
3.3.3 Data analysis and results
To fit measured orbit response matrices a fitting program was written using MAD
[38], bash, awk [61] and scilab [62]. MAD and scilab were used to perform linear
optics and mathematical calculations, respectively. Scripts on awk and bash are
used in manipulating data files and executing MAD and scilab. The program fits
ORM with SVD method as well as with Levenberg-Marquardt method. For the
calculation with SVD method it is possible to set a tolerance threshold if needed.
3.3.3.1 ORM test simulations
Test simulations have been done to confirm that the fit parameter values produced
by the program accurately predict the SIS18 lattice. The fitting program is
applied to the simulated ‘noise-free’ orbit response matrix generated by MAD
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using the SIS18 lattice. According to Eq. (3.13) ‘noise-free’ means that all orbit
response matrix elements have the same weight, for example, all σij are equal
1.0. The simulated matrix can be obtained via the following sequence
• As a first step, each quadrupole (see Table 2.3) in the MAD lattice file is im-
plemented as a separate piece (an element with unique name). Quadrupoles
supposed to be varied get a random gradient error within 5% deviation of
the nominal value.
• The closed orbit at all BPMs is given by the command PUTORBIT. To record
the orbit response to steering angle change, each steerer is consequently ex-
cited keeping all other steerers unchanged. For each steerer setting the com-
mand PUTORBIT is called. In this way the MAD simulated orbit response
matrix is produced, which contains the introduced random quadrupole gra-
dient errors.
• To simulate ‘wrong’ BPM calibration each line of the produced model ma-
trix is multiplied by a certain random factor from the interval [0.9; 1.2].
• To simulate ‘wrong’ steerer calibration each column is again multiplied by
a random factor from the interval [0.9; 1.2].
• The obtained orbit response matrix (as well as its χ2) is a function of
random BPM calibration factors, random steerer calibration factors and
quadrupole gradients. This set of parameters is the solution of the orbit
response fitting applied to this matrix: does exist, is known and unique.
Initial approximation of all BPM {gi} and steerer {fj} calibration factors is set
to value 1. The actual value of the quadrupole gradients used in MIRKO [39]
and MAD [38] lattice models (see Table 2.3) are taken as initial approximation
for {ql} parameters.
The simulated vertical orbit response matrix MMADyy is generated as a
function of 12 known random BPM calibration factors, 12 known random steerer
calibration factors and 12 known random quadrupole gradients from quadrupole
families Q1D and Q2D (Table 2.3). The simultaneous fit of all the parameters was
performed with SVD method (without tolerance threshold) and with Levenberg-
Marquardt method. It was found that the two methods converge to the same
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result: χ2 monotonously converges to 0 with any required accuracy and the solu-
tion (the given random set of errors to model parameters) is reconstructed. The
convergence of the vertical χ2 is presented on Fig. 3.12a. The convergence is
already observed within first 20 iterations when an extra iteration makes a small
change to the χ2. This condition can be defined by a threshold of desirable accu-
racy for the percentage change of χ2. The initial χ2 (on the first iteration) and
rate of the convergence depends on how close is the initial approximation to the
solution. It is important to notice that the convergence rate can be also governed
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Figure 3.12: χ2 vs. number of iterations for the noise-free simulated a) vertical
MMADyy and b) horizontal M
MAD
xx .
by multiplying ∆x by a positive factor smaller than 1 (0 < ξ < 1). According
to Eq. (3.23) the change in model parameter vector would be ∆x = −J−1 V ξ.
This allows to reduce computational time, especially in ORM modeling of large
accelerators [60, 63].
The simulated horizontal orbit response matrix MMADxx is a function of 12
known random BPM calibration factors, 6 known random steerer calibration fac-
tors and 24 known random quadrupole gradients from quadrupole families Q1F,
Q2F and Q1T (see Table 2.3). Note that for the horizontal ORM simulations
only 6 steerers are taken, since only 6 horizontal steerers are available for the
measurements. The convergence of the horizontal χ2 is presented in Fig. 3.12b.
SVD (without tolerance threshold) and Levenberg-Marquardt methods converged
to the same result for the model MMADxx fit. Note that to measure the horizontal
CO for the tune Qx = 4.29, the minimum number of BPMs has to be equal to
3 × 4 = 12, where 4 is the integer number of betatron oscillations multiplied by
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3. It is needed minimum 3 measurement points (BPMs) to identify a sine-like
function Asin(ωT + φ). It has been checked that if less than 12 BPMs are used
in the simulations of the horizontal ORM, then a unique solution is not found.
By using minimum 12 BPMs it is only possible to resolve the problem with 24
randomly varied quadrupole gradients (one BPM for two quadrupole magnets).
In the case of less than 12 BPMs, the algorithm reduces the χ2 down to zero
efficiently, but does not converge to the given solution. To observe a unique solu-
tion either the number of quadrupoles has to be reduced or the number of BPMs
increased to at least 12 (redundancy).
3.3.3.2 ORM fitting of the experimental data
The three data sets are measured, analyzed separately and fitted to a model
three times. Figure 3.13 shows the measured response for the vertical steerer
#vertical BPM
12 1 2 3 4 5 6 7 8 9 10 11
S
IS
1
8
V
e
rt
ic
a
l
C
lo
s
e
d
O
rb
it
,
m
m
experiment
ORM model
previous MAD model
-10.0
-12.5
-7.5
-5.0
-2.5
0.0
2.5
5.0
7.5
10.0
12.5
VERTICAL steerer #1, February 28 VERTICAL steerer #1, April 20
experiment
ORM model
previous MAD model
12 1 2 3 4 5 6 7 8 9 10 11
# vertical BPM
S
IS
1
8
V
e
rt
ic
a
l
C
lo
s
e
d
O
rb
it
,
m
m
-10.0
-7.5
-5.0
-2.5
0.0
2.5
5.0
7.5
10.0
a) February 28 data, b) April 20 data,
tunes Qx = 4.29, Qy = 3.29 tunes Qx = 4.17, Qy = 3.35
absent BPMs: #7 and #8 BPM #11 is missing
Figure 3.13: Measured and mobratined with simulations response from the ver-
tical steerer #1 (S01KM2DV) at 12 BPMs for measurements a)
February 28 and b) April 20.
#1 (S01KM2DV) for data sets of February 28 and April 20, the ‘previous MAD
model’ and the ‘ORM model’ obtained. The ‘ORM model’ uses 12 quadrupole
gradient errors of the defocusing quadrupoles, 12 BPM and 12 steerer calibration
factors, retrieved from ORM fitting of the vertical data. Since the dispersion
function (horizontal and vertical) of the SIS18 was not measured, it was not
considered in the ORM analysis. The degeneracy [16] of BPM {gi} and steerer
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{fj} calibrations was avoided by assuming one horizontal (#6 - S06MU2A) and
one vertical (#12 - S12KM2DV) steerer are calibrated correctly (see Section
3.3.1.2). The calibration of these steerers was checked manually by applying
the local bump condition and by cross-checking the corresponding value of the
electric current to the angle set in SISMODI.
An important question is wherever the accuracy of the position measurement
is good enough for the fitting to produce a model that uniquely represents the
synchrotron [60, 64]. Comparing the results of three separate fits it is possible
to estimate the accuracy and the uniqueness of the resulting model. To evaluate
how good the fitting is, it is useful to normalize χ2 by the number of data points
N = I × J , where I is the number of BPMs and J is the number of steerers
used. The minimum χ2 normalized by the number of data points N is taken as
a criteria of the fitting quality [16]. If errors in the fitting are of the order of
random errors [16, 58, 59] then
χ2min per data point =
χ2min
Ndata points
' 1 . (3.27)
The convergence of the χ2 normalized by number of data points for the vertical
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Figure 3.14: χ2 normalized by number of data points vs. number of iterations
a) for the vertical ORM and b) for the horizontal ORM.
and horizontal ORM measured on April 20 is presented in Fig. 3.14. The final
reached χ2 value corresponds to χ2min per data point. In Table 3.5 the χ
2
min per data point,
the total number of data points and number of parameters in the fitting of the
three data sets are presented. The vertical χ2min per data point of the February 28
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Table 3.5: Final χ2 statistics from three ORM data fits.
Experiment vertical χ2min per data point horizontal χ
2
min per data point
February 28 13.98 (Nvert = 120, Mvert = 36) 3.30 (Nhor = 60, Mhor = 30)
April 8 1.19 (Nvert = 132, Mvert = 36) 19.02 (Nhor = 72, Mhor = 30)
April 20 0.74 (Nvert = 132, Mvert = 36) 23.17 (Nhor = 72, Mhor = 30)
measurement is large compared to the April 8 and 20 measurements, for which
the χ2min per data point are centered around 1. The value 13.98, several standard
deviations above 1, could be explained by the fact that orbit measurement errors
were not normally distributed and there is a contribution of systematic errors to
the February 28 result. However, the vertical data fit of February 28 data agrees
with the other two data fits, see Fig. 3.15b, 3.16b and 3.17b. The agreement of all
three vertical data fits within rms deviation of several % indicates the uniqueness
of the retrieved vertical model.
The lower accuracy in the horizontal beam position measurement compared to the
accuracy of the vertical measurement results in larger error-bars of the horizontal
model parameters (Fig. 3.15a, 3.16a and 3.17a), especially quadrupole gradient
errors. The measured horizontal ORM has got many small eigenvalues close to
zero that correspond to noise in the data, which make the solution unstable.
Solving SVD without tolerance threshold the horizontal χ2 convergence was not
observed. To obtain the convergence of the horizontal data, SVD with tolerance
threshold 0.05 was applied. Also, fittings using 24 horizontal focusing quadrupole
gradients (families Q1F, Q2F and Q1T, see Table 2.3) differed more than 40%
and did not converge to the experimentally measured tunes. Such result is an
indication that quadrupole variables can degenerate [64]. This suggests for the
present measurement accuracy that the number of quadrupoles used in the fit was
too large. In fact, to observe a better tune-convergence for quadrupole errors, the
number of quadrupoles in the fit was reduced [60, 65]. Only half (families Q1F
and Q2F) of the 24 focusing quadrupoles were allowed to be varied for the fitting.
The variation between the fits is still rather large, but the measured tunes were
approached (see Fig. 3.17 and Table 3.8). The not considered 24 dipole gradients
and the 12 focusing quadrupole gradients (Q1T family) contribute to systematic
errors and the final large horizontal χ2min per data point (Table 3.5). To perform the
best fitting, the total number of data points N must exceed the number of model
parameters M several times [14, 63]. The number of horizontal steerers available
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Figure 3.15: BPM calibration factors a) horizontal and b) vertical, obtained from
the ORM fitting of the three data sets.
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Figure 3.16: Steerer calibration factors a) horizontal and b) vertical, obtained
from the ORM fitting of the three data sets.
limits the number of the model parameters considered. The 6 horizontal steerers
available for the measurements are insufficient for the complete horizontal ORM
modeling. To improve the accuracy and to resolve more parameters in the fitting,
more measured data points are needed.
3.3.3.3 ORM fitting conclusions
An average over the three data sets with a standard deviation is calculated for
each parameter and presented in Tables 3.6 and 3.7. The BPM and steerer cali-
brations of the three data sets was possible to obtain with a precision of several %
(Fig. 3.15 and 3.16). The BPM {gi} and steerer {fj} calibration factors connect
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Figure 3.17: Quadrupole strength errors a) focusing and b) defocusing as the
factional part of the nominal quadrupole gradients obtained from
the ORM fitting of the three data sets.
measured and model response matrices via Mmodelij = M
data
ij /(gifj) according to
Eq. (3.13). Figure 3.15b shows the vertical BPM calibration factors retrieved
Table 3.6: Averaged over three fitted data sets horizontal and vertical focusing
quadrupole gradient errors, ×10−3 [m−2].
horizontal gradient vertical gradient
quadrupole error quadrupole error
S01QS1F 4.066 S01QS2D 1.815
S02QS1F -2.718 S02QS2D 0.093
S03QS1F 2.057 S03QS2D 0.889
S04QS1F 0.183 S04QS2D 1.834
S05QS1F -2.705 S05QS2D 1.494
S06QS1F 4.473 S06QS2D 0.912
S07QS1F -4.248 S07QS2D 1.239
S08QS1F 10.014 S08QS2D -0.374
S09QS1F 2.036 S09QS2D 2.075
S10QS1F -1.853 S10QS2D 0.856
S11QS1F -2.181 S11QS2D -1.537
S12QS1F 6.710 S12QS2D 1.124
from vertical ORM modeling are centered around 0.7 instead of 1.0. The same
result was observed in [33], where the pick-up calibration constants obtained from
simulations are about 20% larger than the values measured experimentally with
the test set up. Retrieved calibration factors of the horizontal BPMs #5 (S05DX)
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and #9 (S09DX) are about 60 % and 30 % lower, respectively. The similar cal-
ibration error for one BPM was observed in ORM measurements for ESR [63],
because of the wrong cable connection. During the last service (February 2008)
all electronic pre-amplifies and amplifies of the SIS18 BPMs were tested and
matched [34]. The results of the service can be cross-checked by ORM modeling
in the further experiments. By adding the measured dispersion at BPMs the
modeling of the BPMs and steerer calibration factors shall be improved.
The possibility of the CO correction by the local bump method indicates that all
steerers are uniformly calibrated to each other (all produce the same effect). The
ORM modeling confirmed that all vertical steerers have a calibration factor of
1.0, except for the steerer #11 (S11KM2DV) with calibration factor of about 0.7
(Fig. 3.16b). The ORM modeling gives a 33% lower calibration factor. For this
steerer it was found that its magnetic field is about 30% weaker than expected
[66]. The reason for that is not a device malfunction, but a different design: the
steerer has a larger aperture [66]. This steerer is responsible for the ‘imperfect’
local bump in Fig. 3.8b. The calibration factor error of this steerer has been
corrected so that its effect becomes equal to those of the other steerers.
In the vertical ORM model 12 defocusing quadrupoles (families Q1D and Q2D)
were fitted. In the horizontal ORM model another 12 focusing quadrupoles (fam-
ilies Q1F and Q2F) were obtained. All together 24 quadrupole gradient errors
were fitted, see Fig. 3.17 and Table 3.6. Figure 3.17 shows the relative errors in
quadrupole gradients (fraction of nominal values given in Table 2.3). Note that
Table 3.6 represents not the averaged fitted quadrupole gradients qorm, but the
averaged quadrupole errors ∆ql that should be added to the nominal values q
nom
of Table 2.3 according to the following equation: ∆ql = q
orm−qnom. The retrieved
gradient errors of the focusing quadrupoles are in average one order of magnitude
larger than of the defocusing quadrupoles. The focusing quadrupole errors are of
about 2-3 % of the nominal values (Fig. 3.17). Such large deviation may be an
artifact introduced by the poor accuracy of the horizontal beam position data.
However, simulations made with the 24 quadrupole gradient errors reproduce the
SIS18 systematic tune shift of SISMODI, see Table 3.8.
Additional tune response to the change in quadrupole gradients ∂Q/∂K1 can be
measured to increase accuracy of the fitting parameters and the number of data
points. The tune response data can be measured with high precision (10−5). The
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Table 3.7: Averaged over three fitted data sets vertical and horizontal BPM {gi}
and steerer {fj} calibration factors with standard deviations.
vert. BPM vert. gi st. dev. for gi vert. steerer vert. fj st. dev for fj
S01DX 0.67 0.02 S01KM2DV 0.98 0.05
S02DX 0.65 0.03 S02KM2DV 0.98 0.03
S03DX 0.70 0.02 S03KM2DV 0.98 0.05
S04DX 0.68 0.03 S04KM2DV 0.99 0.03
S05DX 0.63 0.02 S05KM2DV 0.95 0.03
S06DX 0.69 0.03 S06KM2DV 0.96 0.03
S07DX 0.70 0.02 S07KM2DV 0.98 0.04
S08DX 0.61 0.02 S08KM2DV 0.99 0.01
S09DX 0.63 0.02 S09KM2DV 0.98 0.03
S10DX 0.67 0.03 S10KM2DV 1.01 0.01
S11DX 0.66 —– S11KM2DV 0.67 0.02
S12DX 0.70 0.04 S12KM2DV 1.00 —–
hor. BPM hor. gi st. dev. for gi hor. steerer hor. fj st. dev. for fj
S01DX 0.98 0.04 S01MU1A 1.14 0.07
S02DX 0.97 0.15 S03MU1A 1.06 0.08
S03DX 0.80 0.06 S05MU1A 1.16 0.01
S04DX 0.92 0.01 S06MU2A 1.00 —–
S05DX 0.39 0.03 S09MU1A 1.15 0.05
S06DX 1.06 0.03 S12MU1A 1.18 0.02
S07DX 0.86 0.02 —— —— ——
S08DX 0.98 0.06 —— —— ——
S09DX 0.68 0.01 —— —— ——
S10DX 0.92 0.02 —— —— ——
S11DX 0.97 0.02 —— —— ——
S12DX 0.93 0.05 —— —— ——
Table 3.8: SIS18 tunes, measured and obtained from simulations.
horizontal tunes vertical tunes
Feb 28 Apr 8 Apr20 Feb 28 Apr 8 Apr 20
measured —— 4.3118 4.1945 —— 3.2618 3.3250
ORM model 4.3162 4.3059 4.1876 3.2653 3.2737 3.3205
previous MAD model 4.2899 4.2899 4.1700 3.2899 3.2899 3.3500
tune response has a different origin to the data measured with BPMs and espe-
cially useful to constraint quadrupole gradient errors better.
At the later stage (April 2008) the ORM fitting was benchmarked by A. Pe-
trenko [63, 67]. The comparison of the results and the complementary discussion
are given in APPENDIX C 7.3.
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3.3.3.4 Experiment-simulation crosscheck: ORM in different working point
Measuring ORM in different working points provides additional information for
the fitting. A crosscheck if the fitted model parameters are correct is done by
comparing them with the SIS18 data that were not used in the model fitting.
From the ORM measurement at two different tunes, see Table 3.4, the following
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Figure 3.18: Vertical ORM model derived from the measurements February 28
and April 8 (working point Qx = 4.29, Qy = 3.29) agrees with the
measurement of April 20 (working point Qx = 4.17, Qy = 3.35).
test is performed: the vertical ORM model derived from two measurements for
the tune Qx = 4.29, Qy = 3.29 (measurements of February 28 and April 8) is
used to predict the measurement for the tune Qx = 4.17, Qy = 3.35. The defo-
cusing quadrupole gradient errors retrieved from the two measurements for the
tune Qx = 4.29, Qy = 3.29 are used in MAD simulation of orbit response matrix
MMADij for the tune Qx = 4.17, Qy = 3.35. The calculated vertical sM
MAD
ij matrix
is scaled with BPM and steerer calibration factors retrieved from the two mea-
surements according Mmodelij = M
MAD
ij /(gifj). Figure 3.18 shows a comparison
of the model ORM vertical Mmodelij derived from the two measurements and the
measured vertical ORM on April 20. Using the model parameters deriving from
two measurements the initial vertical χ2 normalized by number of data points
has been reduced from 942.03 to 40.89.
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3.4 Conclusions and suggestions for the future
improvement of the SIS18
• The horizontal and vertical SIS18 closed orbit was corrected using the three-
steerer-local-bump-method. The algorithm was implemented in SISMODI
[48, 49]. However, the horizontal CO correction is still restricted since 6 hor-
izontal steerers used are unipolar. The unipolarity of their power supplies
often interferes with signs of correction angles given by the three-steerer-
local bump condition. Meanwhile the CO correction methods based on the
horizontal ORM (see Section 3.1) might be applied. It should be added that
the present correction scheme does not represent the best optimization for
the SIS18. In fact maximum acceptance does not necessarily correspond
to a flat closed orbit. Only by using the modeling including all machine
insertions, the optimization study will be completed. To reduce the beam
loss dedicated CO bumps can be applied.
• The ORM modeling of the SIS18 provided information for its linear lat-
tice. It was possible to calibrate 18 steerers (6 horizontal and 12 vertical),
24 BPMs (12 horizontal and 12 vertical) and 24 quadrupoles (12 focusing
and 12 defocusing). The three ORM data sets were measured, analyzed
separately and fitted to a model three times.
• The BPM and steerer calibrations of the three ORM fittings come out the
same, which indicates that they are probably in reasonable agreement with
the real values. The ORM modeling revealed a calibration factor error for
the vertical steerer #11. This steerer has been checked later [66], the errors
has been confirmed and corrected in SISMODI [31]. The lower accuracy
in the horizontal beam position measurement compared to the accuracy of
the vertical measurement results in larger error-bars of the horizontal model
parameters, especially 12 focusing quadrupole gradient errors. There are
rather large fluctuations in the quadrupole gradients of the three ORM
fittings. However, the retrieved 12 focusing and 12 defocusing quadrupole
gradient errors reproduce the SIS18 systematic tune shift. As the unique
set of the quadrupole gradient errors was not obtained, no prediction of the
β-functions of the real machine was possible.
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• The present coupling terms of the ORM are below the present BPM reso-
lution, no tilted errors were considered.
• At the later stage (April 2008) the ORM data were independently bench-
marked with ELEGANT program [63, 67], see APPENDIX C 7.3. The
benchmarking gives the same values for the BPM and steerer calibrations.
• According to the simulations the total number of data points in the ORM
matrix should be redundant to the total number of fitting parameters, oth-
erwise the solution for quadrupoles may not be unique [60]. The 6 horizontal
steerers available in the measurements are not enough for a full description
of the horizontal plane. Because of an insufficiency of data points, the 24
dipole gradients and 12 triplet quadrupole gradients were not considered.
To resolve better the horizontal model parameters at least 12 steerers are
needed: one in each period. It is necessary to repeat the horizontal ORM
measurement using more steerers.
• The accuracy of the ORM model for the SIS18 needs to be improved in
order to reconstruct a unique set of quadrupole gradient errors. It can
be extended with additional tune response to the change in quadrupole
gradients. The tune response has a different origin to the data taken with
BPMs and can be measured with high precision (10−5). The additional
tune response data will also increase the redundancy of the problem.
• The dispersion was not measured in the SIS18 ORM experiments here dis-
cussed. In the future horizontal modeling it would be needed to take into
account the dispersion and dipole error terms to obtain the best fit.
• Measured ORMs in different working points can be fitted together so that
the total number of data points is increased.
4 Experiments on resonance
induced beam loss in the SIS18
4.1 Status of the SIS18 resonance investigation
The determination of SIS18 resonances and their strengths is important for ma-
chine operations. The first experimental resonance chart for the SIS18 (see
Fig. 4.1) was observed by G. Franchetti via dynamical ‘tune scan’ [3, 4]. The
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Figure 4.1: SIS18 resonance chart obtained in the measurements of 7/10/2004
vs. SISMODI tunes.
drawback related to a dynamical change of the tunes was that during the cross-
ing of a resonance the beam loss may cause shrinkage of the beam size, therefore
the phase space volume occupied by the beam for the next resonance crossing is
reduced. For equal dynamic aperture shrinking of two consecutive resonances,
smaller relative beam loss will be detected on the second crossed resonance. As
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it was noticed in [3] for the ‘tune scan’ method, it is desirable to shorten the
line scan length. The limit is a line scan of zero length which would produce
no crossing (static). In a static tune scan the tunes are kept constant within
the cycles. The drawback of the real static tune measurements is this finite ‘line
scan length’, which is not the infinite small number. This fact limits the ac-
curacy in determining tunes of maximum beam loss at resonances. The static
measurements give a complementary information to those obtained in [3]; they
help to reveal new resonances and to identify their strengths more precisely.
On 13/05/2005 static vertical tune measurements were scanned along the line
Qx = 4.2 (3.2 < Qy < 3.6) [5, 68], see Fig. 4.2. The aim of the measurement was
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Figure 4.2: Resonance beam loss in the measurement of 13/05/2005.
to compare these data with the early observed results from the dynamical ‘tune
scan’ method (Fig. 4.1). The evidence of six existing resonances through beam
loss has been found (see Figs. 4.1 and 4.2) in the presence of a systematic tune
shift 4Qx,syst. ≈ 0.02, 4Qy,syst. ≈ −0.03 between SISMODI tunes and measured
(real) tunes of the SIS18
Qx,SISMODI = Qx,meas. −4Qx,syst. = Qx,meas. − 0.02
Qy,SISMODI = Qy,meas. −4Qy,syst. = Qy,meas. + 0.03 .
(4.1)
To identify resonances in the measurement of 13/05/2005 (Fig. 4.2) and in the
later measurement (carried out on 28/08/2007), the SIS18 resonance chart ob-
tained from simulations was shifted by the systematic tune shift according to
Eq. (4.1), see Fig. 4.3.
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Figure 4.3: SIS18 resonance chart obtained from simulations and shifted accord-
ing to systematic tune errors in SISMODI.
4.2 Resonance induced beam loss in the SIS18
affected by closed orbit distortion and
chromatic sextupoles
Measurements carried out in the SIS18 on 27/08/2007 [9] are presented, the
principles of the data acquisition and the results obtained are discussed. In the
measurements the vertical tunes were scanned statically along the vertical line
Qx = 4.2 (3.2 < Qy < 3.6) as early in the measurement of 13/05/2005 [5]. The
goal was to reproduce the measurement of 13/05/2005 represented in Fig. 4.2; to
study effects of closed orbit distortion and excitation of chromatic sextupoles on
the beam loss.
4.2.1 The experiment and conditions
The SIS18 parameters in SISMODI of 27/08/2007 were set identical to the pa-
rameters of 13/05/2005 [5]. The experiment of 27/08/2007 was performed using
238U73+ at an injection energy of 11.12 MeV/u. No RF acceleration was used
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(coasting beam). The length of the injection plateau was set to 1.2 seconds. The
multiturn injection was set to fill the SIS18 acceptance. A beam current of ap-
proximately 50 µA was used in order to exclude the influence of space charge and
image charges on beam loss. In these measurements the properties of the stable
motion for several working points along the vertical line Qx = 4.2 were explored.
For each measurement point a dedicated Qy value in the range (3.2 < Qy < 3.6)
has been selected and the time evolution of the beam intensity measured by a DC
transformer every 10 ms for the complete machine cycle. For each measurement
of the intensity both horizontal and vertical beam profiles have been recorded
by a residual gas monitor (RGM). The GUI developed by T. Giacomini for the
RGM displays and writes into files ADC signals from 64 wires in both planes for
the recorded data (see Section 2.3.3). In order to suppress the noise contribution
from the data acquisition, each measurement is repeated more than 3 times for
each Qy.
In Table 4.1 four scenarios with different conditions of the static scan along the
line Qx = 4.2 (3.2 < Qy < 3.6) are presented. The CO correction was performed
Table 4.1: Four scenarios in the measurement of 27/08/2007.
3.2 < Qy < 3.6, Qx = 4.2 Chromatic sextupoles Closed orbit correction
scan 1 OFF corrected
scan 2 OFF not corrected
scan 3 ON corrected
scan 4 ON not corrected
using horizontal and vertical steerers by the three-steerer-local-bump method (see
Section 3.2.4). By not corrected CO in Table 4.1 an artificially distorted ver-
tical CO is meant. The scans 2 and 4 have been performed for corrected and
not corrected (artificially distorted) vertical CO produced on top of the corrected
orbit by creating three vertical CO bumps (Section 3.2.3) in periods [2, 3, 4],
[5, 6, 7] and [8, 9, 10]. These orbits are shown in Fig. 4.4, and in Table 4.2 the
steerers’ settings for the CO distortion are listed. The local distortion of the
vertical CO keeps the CO at the injection (BPM #12 in Fig. 4.4) unchanged to
reproduce the constant beam quality in order to compare the four scans with each
other. The measurement fluctuations of the CO on Fig. 4.4 are about ± 1 mm.
The scenario scan 2 (chromatic sextupoles OFF, CO not corrected) can be
compared to the one in the measurement of 13/05/2005. In scan 3 and 4 the
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Figure 4.4: The SIS18 corrected and not corrected (artificially distorted vertical
CO by the three local bumps) CO measured on 28/08/2007 by POSI
for Qx = 4.2, Qy = 3.2.
Table 4.2: The strengths of the three vertical local bumps given in Fig. 4.4b.
Vertical steerers Steering angles given in mrad
#2, #3, #4, +1.0, +0.3, +1.0
#5, #6, #7 +1.0, +0.3, +1.0
#8, #9, #10 -1.0, -0.3, -1.0
effect of beam loss in the SIS18 was studied with 12 normal chromatic sextupoles
[31] excited (sextupoles ON). The sextupoles were powered in the mode they
are usually used for chromaticity correction [31].
4.2.2 Measurements of the beam profiles
By using the RGM the transverse X and Y beam profiles are measured. In
Fig. 4.5 the X and Y beam profiles measured on 13/05/2005 and 28/08/2007
are compared. Figures 4.5a and b show the average X and Y beam profiles
for Qy = 3.36 over 39 repetitions, respectively, measured on 13/05/2005. In
Fig. 4.5c and d the average X and Y beam profiles for Qy = 3.34 over 4 repetitions
measured on 28/08/2007 are presented. The red line corresponds to the injection
profile at and the green line corresponds to the profile 1.1 s after the injection.
The horizontal double Gaussian beam profile in Fig. 4.5a, which also occurs at
other working points [5], was attributed to the multiturn injection settings. Later
in the measurement of 28/08/2007 ‘peak with a shoulder’ horizontal beam profile
for all the working points was observed again, see Fig. 4.5c.
4.2.3 MICROMAP simulation of the beam profiles
To understand the double Gaussian shape and asymmetry in the X profiles a
study with the multi particle tracking code MICROMAP [20, 69] is carried out.
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Figure 4.5: Horizontal and vertical profiles in measurements of 13/05/2005 a),
b) and 27/08/2007 c), d).
The working point is set close to the one set in SISMODI in the measurement
Qx = 4.205, Qy = 3.34. The horizontal and vertical coordinates of each particle
are stored over 200 turns (acquisition time) and projected to a histogram. In
the simulation the uniform particle distribution has been used. The symmetric
profiles are observed (Fig. 4.6) with the full widths at half maximum (FWHM)
proportional to the emittances (x,y)=(15, 5) mm mrad.
4.2.3.1 Explanation of the double Gaussian shape
The injection off the CO produces a similar effect to a kick of the beam. A
possible reason could be a wrong adjustment of a steering magnet in the transfer
line between UNILAC and SIS18 for the chosen horizontal tune Qx = 4.2. If
the beam is off-centered then the averaged hollow beam can be observed. Two
peak in the projection of the uniform beam can be clearly distinguished if the
center mass of beam is off-centered by more than the beam size
√
βx,y x,y, where
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Figure 4.6: a) Horizontal and b) vertical beam profiles in linear lattice. MI-
CROMAP simulation over 200 turns, 1000 macro particles.
βx = 12.8 m and βy = 13.3 m are taken at the location of the beam profile
measurement (in the simulation). In Fig. 4.7 the simulated X and Y profiles with
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Figure 4.7: Off centered a) horizontal beam profile by horizontal 0.002 rad kick
and b) vertical beam profile by vertical 0.002 rad kick in linear lattice.
MICROMAP simulation over 200 turns, 1000 macro particles.
horizontal and vertical kick of 0.002 rad are presented. The strength of the kick
determines the distance between peaks. An example of X profiles for different
horizontal kick strengths is presented in Fig. 4.8.
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Figure 4.8: Off centered horizontal beam profiles by a horizontal kick a) 0.0015
rad and b) 0.003 rad in linear lattice. MICROMAP simulation over
200 turns, 1000 macro particles.
4.2.3.2 Interpretation of the asymmetric double peak shape
It is assumed that a beam is off-centered (mismatched) and makes a betatron
motion around CO. The ‘resonance’ condition reads
[Qx,y]n = m, (4.2)
where [Qx,y] is the fractional part of the horizontal/vertical tune, m, n are in-
tegers which define a type of resonance (m < n). If m = 1 the ‘resonances’ of
type 1
1
; 1
2
; 1
3
; 1
4
; 1
5
; ... are produced. In this case the fractional part of the tune
according to Eq. (4.2) would be equal to [Qx,y] = 1/n. Taking the tune off the
‘resonance’ by the distance ‖δ‖ so that [Qx,y] = 1/n+‖δ‖. In nt turns of acquisi-
tion the particle phase advance will gain ‖δ‖×nt. For example, for a third order
‘resonance’ (n = 3) with δ = 0.001666 several possibilities arise for different nt.
In Fig. 4.9a the case ‖δ‖ × nt = 1/3 of symmetric projection to a histogram is
shown, which corresponds to nt = 200. The beam centroid coordinate fills the
complete phase space ellipse uniformly that corresponds to a symmetric distri-
bution. Figure 4.9b shows ‖δ‖ × nt < 1/3 for nt = 35. In this case the beam
centroid projects asymmetrically to a histogram and an asymmetric Gaussian
profile is observed. If nt > 200 than the phase advance is ‖δ‖ × nt > 1/3. The
beam centroid coordinate for {nt/200} projects to a symmetric distribution (here
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Figure 4.9: Projection of beam phase space distribution to a histogram for the
n = 3 ‘resonance’ with the corresponding tune Qx = 4.3(3) a) sym-
metric (nt = 200) and b) asymmetric (nt = 35). MICROMAP simu-
lation using 1000 macro particles.
{} means integer part). The contribution brought by the remainder tune [nt/200]
has the phase advance ‖δ‖×nt < 1/3 and projects asymmetrically. However, the
asymmetry of the complete projection ({nt/200}+[nt/200]) is washed out due to
the averaging over many turns (nt > 200) and is difficult to distinguish. The
MICROMAP simulation for Fig. 4.9 was run for 1000 macro particles. Other
parameters are given on the picture. The effect of chromaticity is excluded from
the simulation.
According to the ratio between the fractional betatron tune and the measurement
time of RGM acquisition (# of stored turns) an asymmetric hollow beam can be
observed if
nt <
1
n‖δ‖ , (4.3)
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where nt is the total number of turns of acquisition, δ is the distance to resonance
tune, n=1,2,3,4,5....
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Figure 4.10: Off centered horizontal beam profiles for different tunes a) Qx =
4.201 and b) Qx = 4.199: MICROMAP simulation over 100 turns,
1000 macro particles.
The RGM GUI software does one profile measurement in 10 ms [18], which in-
cludes profile measurement, saving in files and plotting the data. The duration
of one single beam profile measurement (see Fig. 4.5) is 0.5 ms [37]. The number
of turns over 0.5 ms at revolution frequency of about 200 kHz (at injection) is
approximately 100. MICROMAP simulation of the profiles measured by the RGM
for nt = 100 turns for the tune Qx = 4.2 which fractional part 0.2 corresponds to
n=5 ‘resonance’ has been done. For 100 acquisition turns according to Eq. (4.3),
δ has to be less than 0.002 to observe an asymmetric profile. The examples of
such asymmetric X profiles for the tunes within ±0.002 edge (Qx = 4.201 and
Qx = 4.199) are presented in Fig. 4.10. To observe an asymmetric X profile
(Fig. 4.5) the experimental tune Qx = 4.2 has to be set to a precision of 0.002
near the resonance, else a symmetric profile is always observed (Fig. 4.11).
Normally, the initial asymmetric-structure does not survive for longer time with
the finite chromaticity of the real accelerator. An exception is if the tune is so
close to the resonance at Qx = 4.2 that the boundary of the phase space is not
elliptical anymore, but strongly distorted by the resonance. This is very un-
likely in the vicinity of the fifth order (weak) resonance 5Qx = 21 at Qx = 4.2,
which is not visible on the measured tune resonance chart (Fig. 4.1). However,
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Figure 4.11: Off centered horizontal beam profiles for different tunes a) Qx =
4.202 and b) Qx = 4.198: MICROMAP simulation over 100 turns,
1000 macro particles.
the asymetric profiles are also observed 1.1 s after the injection (Fig. 4.5, 7.7
and 7.8), this may be an artifact of the RGM calibration coefficients (Fig. 2.9).
By varying the horizontal tune around Qx = 4.2 and monitoring the changes in
the shape of the beam profiles further conclusions can be done. Additional RGM
experiments accompanied with tune measurements of the machine are needed to
understand the profile shape dependence from the tune, acquisition time, and
correction coefficients of the RGM [37].
4.2.4 Beam loss and closed orbit distortion
The algorithms used for acquisition of beam intensity and transverse profiles are
the same as in [5] to analyze data of 13/05/2005. Figure 4.12 illustrates the
time evolution of intensity shortly after injection and at the injection plateau.
The intensity is normalized to its initial value at injection recorded by the DC
current transformer. After 1.2 s of storage (length of injection plateau) the beam
was accelerated and extracted. At 0.47 seconds the intensity quickly increases
in correspondence with the multiturn injection (Fig. 4.12a). The time ti corre-
sponds to the jump of the beam current after multiturn injection, recorded by
the DC transformer every 10 ms (‘slow’ transformer). The storage time after
the multiturn injection tf can be chosen within the length of injection plateau
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Figure 4.12: Normalized intensity time evolution at injection, Qx = 4.2 for a)
Qy = 3.34 with chromatic sextupoles turned OFF and b) Qy =
3.32 with chromatic sextupoles turned ON. For the corrected and
not corrcected orbit the beam loss is indicated in green and red,
respectively.
of 1.2 s, see tf1 = 0.77 s (storage 0.3 s) and tf2 = 1.57 s (storage 1.1 s). After
the beam is stored for 1.1 seconds the initial intensity at ti = 0.47 s lowers by
approximately 20 % (green curve) and by approximately 40 % (red curve) at
tf2 = 1.57 s. This asymptotically saturating beam loss (red and green curves
in Fig. 4.12a) is attributed beam life time and to the nonlinear dynamics in the
SIS18. In fact, particles outside the stability domain will be unstable and become
quickly lost. The difference in amount of beam loss between green and red curves
in Fig. 4.12a is attributed to the CO corrected and CO not corrected. For the
case of chromatic sextupoles ON (Fig. 4.12b) the beam loss for the corrected
CO (green) and uncorrected CO (red) is about the same, approximately 50 % at
tf2. However, the results and conclusions will change if Qy changes as this tune
affects the position with respect to the resonances. The relative beam loss 1.1
s after injection for scan 1 and 2 is presented in Fig. 4.13. The blue curves in
Fig. 4.13 show the average ratios between intensities 〈If/Ii〉 at injection ti and
after 1.1 s storage tf . Here the index i stands for ‘injection’, and the index f
for ‘final’. For each vertical tune in Fig. 4.13, the measurement was repeated
at least 3 times. The average value of error bars for each working point is ap-
proximately 5 %. The intensity baseline for tune off the resonance is centered
at 0.8 due to beam life time, which is limited by charge exchange and Coulomb
scattering processes [28, 35]. The intensity fluctuations around this baseline are
plotted as a magenta band. The relative beam loss as function of Qy shows the
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Figure 4.13: Resonance beam loss 1.1 s after injection measured on 27/08/2007
(scan 1 and 2) when the chromatic sextupoles turned OFF with the
CO corrected (solid line) and not corrected (dashed line).
presence of six minima attributed to the resonance beam loss. The dotted vertical
lines indicate Qy at the maximum beam loss. If the CO is corrected the reso-
nances 2, 3 and 4 in Fig. 4.13 either do not exist or are very weak (solid line on
Fig. 4.13), if the CO is not corrected additional beam loss occurs (dashed line
on Fig. 4.13). To identify the responsible resonances the theoretical resonance
chart was shifted according to the systematic tune shift in SISMODI. The beam
loss should appear at the crossing points of the tunes set in the measurements
with low order resonances (see Fig. 4.3). The same six resonances responsible for
the beam losses were detected in the measurement of 13/05/2005. In Table 4.3
the resonance positions are summarized. The Qy positions of maximum beam loss
in measurements of 13/05/2005 and 28/08/2007 are taken from Figs. 4.2 and 4.13
respectively. The storage time of 1.1 s after injection which was chosen in data
acquisition of 28/08/2007 is equal to the one of 13/05/2005 [5]. The positions of
maximum beam loss in the two measurements match within +/- 0.01. The space
charge tune shift being of the order 10−4 compared with the resonance stop-band
width of 0.02 (Figs. 4.2 and 4.13) is negligible. It is important to notice that the
change in the tune introduced by the CO distortion in the nonlinear lattice is
of the order 10−3 − 10−4 and does not contribute. The measured and simulated
nonlinear horizontal/vertical detuning due to CO distortion is the subject of the
next Chapter.
68 4. Experiments on resonance induced beam loss in the SIS18
Table 4.3: Identified resonances responsible for the beam loss in the SIS18 and
corresponding tunes of detected maximum beam loss in measurements
of 13/05/2005 and 27/08/2007.
resonance theoretical Qy Qy in 13/05/2005 Qy in 28/08/2007
Qx −Qy = 1 3.20 ≈ 3.23 ≈ 3.24
Qy = 10 3.33 ≈ 3.35 ≈ 3.34
Qx + 2Qy = 11 3.40 ≈ 3.40 ≈ 3.40
2Qx −Qy = 5 3.40 ≈ 3.46 ≈ 3.45
2Qy = 7 3.50 ≈ 3.52 ≈ 3.51
2Qx +Qy = 12 3.60 ≈ 3.57 ≈ 3.55
The relative beam loss 0.3 s after the injection is shown in Fig. 4.14. Due to
the shorter storage time of 0.3 s the intensity level in absence of beam loss is
increased to approximately 0.9. The loss at the third order resonances 2, 3 and
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Figure 4.14: Resonance beam loss 0.3 s after injection measured on 27/08/2007
(scan 1 and 2) when the chromatic sextupoles turned OFF with the
CO corrected (solid line) and not corrected (dashed line).
4 with uncorrected CO are present but weaker compared to that for longer stor-
age time (Fig. 4.13). The longer the beam is stored the more beam loss occurs
at resonance. The linear coupling resonance 1 (Figs. 4.13 and 4.14) gets a much
broader stop-band for uncorrected CO.
Measured X- and Y- beam profiles at the identified resonances are found in AP-
PENDIX D 7.4.
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4.2.4.1 Beam loss with chromatic sextupoles turned ON
If the chromatic sextupoles are powered (ON) then the beam loss on third order
resonances will increase, see Fig. 4.15. The same six resonances are present and
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Figure 4.15: Resonance beam loss 1.1 s after injection measured on 27/08/2007
(scan 3 and 4) when the chromatic sextupoles turned ON with the
CO corrected (solid green line) and not corrected (dashed red line).
show stronger beam loss even for the corrected CO. The additional resonance at
3.59 is identified as a third order resonance 2Qy −Qx = 3 according to Fig. 4.3.
The case not corrected CO with sextupoles ON introduces extra linear cou-
pling and enhances the beam loss at several resonances. Figure 4.15 shows a
nonlinear vertical tune shift of about −0.02 of the peak beam loss. The feed
down quadrupole components of the chromatic sextupoles change the tune if the
closed orbit does not pass the center of sextupole.
4.2.4.2 Comparison of beam loss for not corrected CO with chromatic
sextupoles turned ON and OFF
To compare beam loss for the case with not corrected CO with chromatic
sextupoles ON and OFF, the scan 4 (not corrected CO, sextupoles ON) from
Fig. 4.15 and the scan 2 (not corrected CO, sextupoles OFF) from Fig. 4.13
shifted by 4Qy ≈ −0.02 are plotted together in Fig. 4.16, and the peak beam
losses overlap. From Fig. 4.16 the correlation of the beam loss at the seven res-
onances is clearly identified. With sextupoles ON the beam loss at resonances
and their stopbands are enhanced.
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Figure 4.16: Resonance beam loss 1.1 s after injection measured on 27/08/2007
(scan 2 and 4) when the CO is not corrected with the chromatic
sextupoles turned OFF (dashed blue line) and ON (dashed red line).
4.3 Conclusions and suggestions for further
experiments in the SIS18
• Resonance induced beam loss with ‘static’ measurement for corrected and
distorted CO, with chromatic sextupoles excited and absent was investi-
gated. The measurement has confirmed the resonances found in the ‘static’
and ‘dynamic’ measurements of 2005 [3, 4].
• The major finding is that CO distortion excites resonances which do not
exist for a corrected orbit.
• A dependence of the asymmetric shape of the beam profiles on the tune
and number of acquisition turns (for the RGM measurements) has been
shown in MICROMAP simulations. New measurements and analysis are
necessary to understand better the asymmetry of the measured profiles
and their dependence on the RGM acquisition time, betatron tune, CO
distortion and the RGM correction coefficients.
• As an effect of a nonlinear error on the beam dynamics changes if the CO
is deformed in different ways. It is important to quantify the effect of CO
deformation on resonance excitation in future experiments.
5 Experiments and modeling of
nonlinear beam dynamics in the
SIS18
The nonlinear field errors in the magnets excite unwanted resonances, which cause
beam loss and dynamic aperture reduction during the machine operation. For the
‘new’ SIS18 working point proposed in [2] (Qx = 4.2, Qy = 3.6) it may be neces-
sary to compensate several of the existing resonances in order to avoid beam loss
and improve machine performance. Intersecting of space charge tune spread with
the machine resonance tunes may result in long term beam loss. The knowledge
of nonlinear components in the machine is important for the resonance compen-
sation. Therefore, measurements of the machine nonlinearities are required.
In this section a new technique to diagnose nonlinear field components based on
the tune response to the deformed closed orbit is presented. This approach is
similar to the orbit response matrix method, where the closed orbit response to
the steering angle change provides information on the linear field errors. The
method presented here extends the ORM analogy to the nonlinear errors and the
difference that the tune response to the steering angle change is measured. In the
method the feed down effect of the nonlinear components at level of linear tune
on the closed orbit change is explored. The closed orbit change is introduced
by varying correction steerers. The tune values are retrieved from the spectrum
of coherent betatron oscillations excited by a fast kick. From the analogy to
ORM, the method is referred to nonlinear tune response matrix (NTRM). The
theoretical background of the NTRM model, numerical examples for the SIS18,
the robustness together with the limits of application, and experimental results
performed in the SIS18 demonstrating its validity for a real synchrotron are pre-
sented.
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5.1 Overview of methods for the measurement of
nonlinear components
The frequency analysis of the betatron motion is a powerful tool for the char-
acterization of the linear and nonlinear motion of a particle beam in a circular
accelerator. The standard approach to retrieve nonlinear field components is
based on the measurement of nonlinear chromaticity [70, 71, 72, 73]. The tunes
(horizontal and vertical) Qx,y are defined as a function of average momentum
spread ∆p/p by changing RF or ‘radial steering’ (used in the SIS18) [74, 75].
The tunes are inferred offsetting the beam with a Q-kicker, storing turn-by-turn
beam centroid oscillations recorded by a BPM and analyzing the spectrum of
these oscillations. The measured tune dependence on the momentum spread
(called the nonlinear chromaticity) provides information on the distributed mul-
tipolar components along the ring. A polynomial is fitted to the measured de-
pendence Qx,y(∆p/p) to extract information on the different orders of ∆p/p .
A lattice model with nonlinear elements is constructed. For modeling nonlinear
field errors of the magnets, nonlinear elements are assumed localized in dipoles
and quadrupoles. Varying the strengths of the nonlinear elements (fitting param-
eters) of the lattice model the fitted polynomial is reproduced. This procedure is
applied order-by-order, i.e. the quadrupolar components are used to reproduce
the constant term in the polynomial, the sextupolar components the linear term,
the octupolar components the quadratic term, the decapolar components the cu-
bic term and so on. An attempt to apply the nonlinear chromaticity method to
the SIS18 was done by A. Franchi [41, 73]. For the reason of a strong amplitude
detuning and a fast decoherence in the measurement, a reliable nonlinear behav-
ior to retrieve nonlinear field errors was not observed [73].
Another approach for measuring nonlinear components and compensating res-
onances is known as resonance driving term (RDT) [10, 73, 76, 77]. Once the
beam is transversely displaced (either by fast kicker magnets or AC exciters), it
experiences coherent oscillations that can be recorded turn by turn by BPMs.
The spectrum of these oscillations can be inferred via FFT [78, 79]. If the lattice
is free from nonlinearities the spectrum contains the betatron tune line only. In-
troducing nonlinearities, secondary spectral lines appear in the spectrum of the
betatron oscillations as a result of resonance driving term in the Hamiltonian
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to the first perturbative order [73]. One-to-one correspondence between spectral
lines and resonance driving terms can be built by using an order by order proce-
dure, where the order of the parameters is the power in the amplitude dependence
of the spectral lines [77]. In general, a given spectral line is fed by different mul-
tipoles at different orders. Therefore, the amplitude and the phase of spectral
lines is the result of the complex vector sum of all the different contributions [78].
The resonance spectral lines reflect also the variation of the resonance driving
term along the ring, thus allows the localization of multipolar errors in the ring
[10, 79]. The RDT measurement is obtained via simultaneous acquisition with
two BPMs. For correct reconstruction of particle momentum with two BPMs,
the region between two BPMs must be free of nonlinearities or coupling sources
[73, 77, 79]. BPM calibration affects the precision of the method, but can be
avoided by normalizing the amplitude of the spectral lines to the tune line. A
limitation is given by the amplitude detuning and chromaticity [79]. The de-
coherence of the oscillations is a general limitation of all the methods based on
kicking the beam. The SIS18 is presently not equipped with a turn-by-turn two
simultaneous BPM acquisition system and RDT technique was not possible to
apply at GSI [73]. This gave a start to a development of an alternative approach
of nonlinear tune response matrix for the SIS18.
5.2 Nonlinear Tune Response Matrix (NTRM)
linearized theory
The betatron motion of a charged particle in a circular accelerator is determined
by the sequence of linear and nonlinear magnetic elements that constitute the
lattice of the ring [11, 12]. The linear model of a circular accelerator is composed
by a sequence of linear thick elements as drifts, quadrupoles and dipoles. The
strengths of the linear focusing forces are defined by kx(s) and ky(s), where s
is the longitudinal coordinate. It is assumed that the accelerator is equipped
with Nt thin steerers each of which can act independently on the horizontal
and vertical plane (further index t is referred the tth steerer along the ring).
The longitudinal location of the tth steerer is st, and its steering angle is θxt in
the horizontal plane, θyt in the vertical plane, respectively. Nl thin nonlinear
elements are included in the ring. A nonlinear element can be a lattice sextupole
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or octupole as well as a dipole or quadrupole magnet nonlinear error. In general
the lth nonlinear error located at sl is composed of several multipoles of integrated
strength Knl, Jnl, n ≥ 1. Here the index n is used to indicate the order of the
nonlinear component, and l the location. A schematic of the sequence of error-
steerer is shown in Fig. 5.1. The sequence shown is the most general although
s
NonlinearError
Horizontal/Vertical Steerer
Horizontal/Vertical Steerer
t=1
t=2
l=2
l=1
Nonlinear Error
Figure 5.1: Schematic view of the nonlinear errors and steerer locations.
in a real accelerator some of these errors are absent. If the CO is deformed by
setting the Nt steering angles θxt and θyt, with t = 1, ..., Nt to a value different
from zero, the CO (xCO, x
′
CO, yCO, y
′
CO) is the solution of the equations
x′′CO + kxxCO = −Re
[∑
n≥1
kn+ijn
n!
(xCO + iyCO)
n
]
+ θx ,
y′′CO + kyyCO = Im
[∑
n≥1
kn+ijn
n!
(xCO + iyCO)
n
]
+ θy ,
(5.1)
with the periodic boundary conditions xo(s) = xo(s + C), x
′
o(s) = x
′
o(s+ C),
yo(s) = yo(s + C), y
′
o(s) = y
′
o(s + C) for 0 ≤ s ≤ C; C is the length of the ring;
θx =
∑Nt
t=1 θxtδ(s − st); θy =
∑Nt
t=1 θytδ(s − st). In the linear approximation, if
the closed orbit deformation is not too large and the tunes are away from any
resonance, then the nonlinear components in Eq. (5.1) are rather small and the
equation for the CO can be written
x′′CO + kxxCO ' θx ,
y′′CO + kyyCO ' θy .
(5.2)
As Eq. (5.2) is linear, then the value of xCO and yCO at any longitudinal location
is a linear combination of the steering angles. The xCOl = xCO(sl) and yCOl =
yCO(sl) at the location of the lth nonlinear element sl is found as following
xCO l =
Nt∑
t=1
Mxltθxt , yCO l =
Nt∑
t=1
Myltθyt , (5.3)
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where the matrices Mxlt and M
y
lt are referred to the location of the nonlinear
element and to the location of the steerer. The matrices Mx and My form the
orbit response matrix M = Mxlt ⊕Mylt for the decoupled system.
Considering a particle coordinate (δx, δx′, δy, δy′) with respect to the deformed
closed orbit (xCO, x
′
CO, yCO, y
′
CO) in the original reference frame this particle has
coordinates (xCO + δx, x
′
CO + δx
′, yCO + δy, y′CO + δy
′)
(xCO + δx)
′′ + kx(xCO + δx) =
= −Re{∑n≥1 kn+ijnn! [(xCO + δx) + i(yCO + δy)]n}+ θx ,
(yCO + δy)
′′ + ky(yCO + δy) =
= Im
{∑
n≥1
kn+ijn
n!
[(xCO + δx) + i(yCO + δy)]
n}+ θy .
(5.4)
Taking only the linear term in δx and δy
[(xCO + δx) + i(yCO + δy)]
n =
= (xCO + iyCO)
n + n(xCO + iyCO)
n−1(δx+ iδy) +O[(δx+ iδy)2] .
(5.5)
If the coordinates of the particle (δx, δx′, δy, δy′) are small, then all the terms of
higher orders can be neglected as the tunes are far from any resonance [8]. In this
approximation the evolution of the particle coordinates δx and δy with respect
to the distorted closed orbit (xCO, x
′
CO, yCO, y
′
CO) is given by the equations
δx′′ + kxδx = −Re{
∑
n≥1
kn+ijn
(n−1)! (xCO + iyCO)
n−1(δx+ iδy)} ,
δy′′ + kyδy = Im{
∑
n≥1
kn+ijn
(n−1)! (xCO + iyCO)
n−1(δx+ iδy)} . (5.6)
As all the relevant perturbative terms are linear, the ‘new’ gradients k˜n and j˜n
can be defined as follows
k˜n + ij˜n =
kn + ijn
(n− 1)! (xCO + iyCO)
n−1 . (5.7)
The first orders of these components are listed in Table 5.1.
Table 5.1: First three orders of the feed down due to the deformed closed orbit.
n k˜n j˜n
1 k1 j1
2 k2xCO − j2yCO k2yCO + j2xCO
3 1
2
k3(x
2
CO − y2CO)− j3xCOyCO k3xCOyCO + 12j3(x2CO − y2CO)
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The equations of motion for a particle with a small amplitude in an accelerator
with a deformed closed orbit reads
δx′′ + (kx + k˜)δx = j˜δy ,
δy′′ + (ky − k˜)δy = j˜δx ,
(5.8)
where
k˜ =
∑
n≥1
k˜n , j˜ =
∑
n≥1
j˜n . (5.9)
From Eq. (5.8) one obtains that the nonlinear components around the ring pro-
duce an extra linear focusing component of strength (kx + k˜, ky − k˜) and a linear
coupling term of strength j˜. The first order contribution of the gradient error k˜
on the machine tunes with respect to the distorted CO (xCO, x
′
CO, yCO, y
′
CO) is
[11]
∆Qx =
1
4pi
∫ C
0
βx(s)k˜(s)ds , ∆Qy = − 1
4pi
∫ C
0
βy(s)k˜(s)ds , (5.10)
and the tunes with respect to the CO are given by Qx = Qx0 + ∆Qx and
Qy = Qy0 + ∆Qy. Here Qx0 and Qy0 are the tunes of the linear accelerator
with the closed orbit corrected. If the perturbative condition Eq. (5.5) is not
fulfilled, then the higher order terms, quadratic in k˜, should be considered [11].
Further the case up to the sextupolar component will be considered. Equa-
tion (5.10) can be written in matrix form
∆Qx =
1
4pi
{
Nl∑
l=1
βxlK1l +
Nl∑
l=1
βxl(K2lxCOl − J2lyCOl)} , (5.11)
∆Qy =
1
4pi
{
Nl∑
l=1
βylK1l +
Nl∑
l=1
βyl(K2lxCOl − J2lyCOl)} , (5.12)
where βxl = βx(sl), βyl = βy(sl). Using Eq. (5.3) for the CO at the location sl
the detuning is
∆Qx = xQ+
Nt∑
t=1
(xQ
x
t θxt + xQ
y
t θyt) , (5.13)
∆Qy = yQ+
Nt∑
t=1
(yQ
x
t θxt + yQ
y
t θyt) , (5.14)
5.2 Nonlinear Tune Response Matrix (NTRM) linearized theory 77
where
xQ =
1
4pi
Nl∑
l=1
βxlK1l ,
xQ
x
t =
1
4pi
Nl∑
l=1
βxlK2lM
x
lt ,
xQ
y
t = −
1
4pi
Nl∑
l=1
βxlJ2lM
y
lt ;
(5.15)
yQ = − 1
4pi
Nl∑
l=1
βylK1l ,
yQ
x
t = −
1
4pi
Nl∑
l=1
βylK2lM
x
lt ,
yQ
y
t =
1
4pi
Nl∑
l=1
βylJ2lM
y
lt .
(5.16)
The linear components K1l, J1l contribute to the tune Qx, Qy independent on
the CO deformation. Therefore the effective tune due to linear elements will be
Qx0,eff = Qx0 + xQ and Qy0,eff = Qy0 + yQ. Also, the detuning in the horizontal
and vertical planes depends only on k˜. The difference in the detuning in the
both planes comes mainly from the difference in the β-functions. Redefining
∆Qx,eff = Qx − Qx,eff as function of θxt and θyt with the equal steering angles
|θxt| = |θyt| = θt
xQ
x
t =
1
2θt
[∆Qx,eff (θt, 0)−∆Qx,eff (−θt, 0)] ,
xQ
y
t =
1
2θt
[∆Qx,eff (0, θt)−∆Qx,eff (0,−θt)] ,
(5.17)
the xQ
x
t and xQ
y
t for t = 1, ...., Nt are obtained, which are the components of
the nonlinear tune response matrix (NTRM). By making an assumption on the
location of the nonlinear errors, the matrices Mxlt,M
y
lt, and βxl, βyl are computed.
For the particular case of Nl = Nt, i.e. for a number of errors equal to the number
of steerers these matrices are in general invertible. The system of equations
Eq. (5.15) in the unknown variables K2l, J2l and l = 1, Nl needs to be solved.
The same procedure is valid for the vertical plane with ∆Qy,eff = Qy −Qy,eff to
calculate yQ
x
t , yQ
y
t , and solve the linear system (5.16).
In the case of one normal sextupolar error K21 (at the location with βx1) and
using one horizontal steerer θ1 the system of linear equations Eq.(5.15) simplifies
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to a single line
K21 = 4pi xQ
x
1/(βx1M
x
11) . (5.18)
For one skew sextupolar error J21 (at the location with βy1) and using one vertical
steerer θ1 the equation reads
J21 = 4pi yQ
y
1/(βy1M
y
11) . (5.19)
For determining two normal sextupolar errors K21 and K22 (at the locations
with βx1 and βx2 respectively), two horizontal steerers θ1 and θ2 are used. By
consecutive altering of the first steerer (θ1 6= 0, θ2 = 0) and then the second
steerer (θ1 = 0, θ2 6= 0), the (2× 2) linear system of equations is obtained
xQ
x
1 = {βx1K21Mx11 + βx2K22Mx21}/(4pi) ,
xQ
x
2 = {βx1K21Mx12 + βx2K22Mx22}/(4pi) .
(5.20)
In the case of two skew sextupolar errors J21 and J22 (at the locations with βy1
and βy2 respectively), two vertical steerers θ1 and θ2 are used. By consecutive
altering of the first steerer and then the second steerer, the following (2×2) linear
system of equations is obtained
yQ
y
1 = {βy1J21My11 + βx2J22My21}/(4pi) ,
yQ
y
2 = {βy1J21My12 + βx2J22My22}/(4pi) .
(5.21)
5.3 Numerical example of reconstruction for the
SIS18
Validating the theoretical NTRM model a numerical reconstruction with MI-
CROMAP of nonlinear components (strengths and polarity) was performed. For
this purpose 24 steerers (12 horizontal and 12 vertical) and 12 chromatic sex-
tupoles were considered. The linear SIS18 lattice model was extended by 24
nonlinear errors (12 normal and 12 skew) given to each of the chromatic sex-
tupoles. The tune of the machine was set to Qx0 = 4.31 and Qy0 = 3.28 away
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from the linear coupling resonance. The beam particle tune was computed using
the X coordinate over 2048 turns. By the procedure described in the previous
section the numerical coefficients xQ
x
t and xQ
y
t were retrieved and used to solve
the linear system (5.15) for the unknown variables K2n and J2n. The results
obtained by applying the NTRM model are shown in Fig. 5.2. The strengths
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Figure 5.2: Comparison of 24 reconstructed sextupolar errors (red markers) with
the error set (blue markers). The squares refer to normal components
K2, while the triangular markers refer to skew components J2.
of the numerically reconstructed and set normal sextupolar errors are marked
with red and blue squares, respectively. The numerically reconstructed and set
skew sextupolar errors are marked with red and blue triangles, respectively. The
reconstructed values agree quite well with the given values.
5.4 Nonlinear tune measurements in the SIS18
The presented model of nonlinear tune response matrix (NTRM) was experi-
mentally tested in the SIS18. The experimental conditions and requirements are
discussed. The first experimental proofs of the model are presented. The coher-
ent betatron oscillations were excited by a fast kick for turn-by turn analysis.
The chromaticity was corrected to keep the transverse betatron oscillations over
several thousand turns for high precision tune measurement. The 12 chromatic
sextupoles were powered to correct the chromaticity according to the setting given
in Table 2.5. The closed orbit change was provided by varying correction steerers.
The coherent transverse oscillations were measured for each steering setting of
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the bumped CO. From the spectra of the transverse oscillations the fractional
part of horizontal/vertical tune was retrieved. The nonlinear horizontal/vertical
tune dependence on the horizontal or vertical closed orbit was measured. The
sextupolar errors given as extra on top of the chromatic correction setting were
reconstructed from the tune response to the closed orbit deformation. Table 5.2
summarizes the information of the nonlinear tune measurements taken in the
SIS18. A medium intensity level of about 108 − 109 particles in all the measure-
ments was required in order to exclude the influence of space charge on the beam
position measurements and on the other hand to provide a good signal-to-noise
ratio in beam position measurements. The best measurement conditions were
iteratively optimized in the last measurements taken on 22/05/2007, 15/08/2007
and 22/10/2007.
Table 5.2: The tune measurements of October 2006 - October 2007.
measurement Ion RF frequency Operating # of turns measured
at extraction tunes for FFT tune
25/10/2006 238U73+ 4201.83 (4.29;3.29) 1024 Y
22/03/2007 238U73+ 4201.83 (4.29;3.28) 1024 Y
22/05/2007 40Ar18+ 4000.02 (4.29;3.28) 2048 Y
15/08/2007 40Ar18+ 4000.02 (4.29;3.27) 2048 X
22/10/2007 40Ar18+ 4000.02 (4.29;3.27) 2048 X and Y
5.4.1 Experimental scheme, hardware and requirements
Coherent transverse oscillations are excited by a fast transverse kick and detected
by a BPM (Fig. 5.3). The BPM S01DP1P (Fig. 2.2) was chosen for turn-by-
un-destored
orbit
phase m
beamexcited to
coherent oscillations
Q-kicker
BPM
Figure 5.3: Beam oscillations after a kick.
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turn beam position measurements, which was stored as a function of time in
oscilloscope measurements. For the measurements the coasting beam was used
with the chromaticity corrected. The measurements were done at the flattop at
extraction energy in the storage mode, see Fig. 5.4. No multiturn injection was
set. The beam was adjusted as small (‘pencil’ like beam) as possible to reduce
finite beam size effects on the tune.
RF
flattop
coasting
measurement
E[MV/u]
Qkick
time
Synchrotron cycle
Figure 5.4: The experimental scheme.
The experimental hardware setup is presented on Fig. 5.5. It is ready for the
turn-by-turn data acquisition and includes:
• Q-kicker (S05MQ1) ∆ signal is connected with LeCroy channel 1
• ∆ signal DP-PV or DP-PH from the BPM S01DP1P is connected with
LeCroy channel 2
• Σ signal SUM-PV or SUM-PH from the BPM S01DP1P is connected with
LeCroy channel 3 and used for the estimation of the Q-kick amplitude
• The event generator on the console has to be set to the Q-kicker event 90
and connected to the LeCroy EXT channel
Further requirements:
• The SIS18 Q-kicker can only be used in the accelerator’s storage mode. In
the storage mode the SIS18 behaves like a storage ring after the injection
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DP1P
LeCroy
Oscilloscope
XX XX
EXT
event
090
Q-kickerchannel
S05MQ1
1 2 3 4
the active phase probe
external trigger, done by event #090
D signal
from the phase probe
DP-PH/PV
S signal
from the phase probe
SUM-PH/PV
Figure 5.5: The experimental hardware setup.
from UNILAC/acceleration so that the injection/extraction flattop time-
length is longer to perform the measurement of the offset oscillations with
the Q-kicker. In order to activate the Q-kicker the machine must be set
to a storage mode injection (‘speichermode I’) or storage mode extraction
(‘speichermode E’). For this purpose the Q-kicker and the LeCroy oscil-
loscope, connected to one of the BPMs, have to be synchronized. Each
‘event’ in the accelerator (injection, bunching, kicking, ramping, extraction
...) is flagged with a number, which is delivered to the entire hardware.
Using this number the instrumentation is triggered. The LeCroy’s trigger
must be connected to the control room console in order to receive a signal
after the kicking (external trigger mode) synchronized with the kick signal.
The event number 90 in the SIS18 control room corresponds to kicking at
injection or extraction depending on the machine setup ‘speichermode I’ or
‘speichermode E’. Then the Q-kicker starting time needs to be proper ad-
justed according to the start of the flattop at extraction of the synchrotron
cycle.
• The revolution frequency must be synchronized with the sampling frequency
of the oscilloscope, so that an integer number of samples per revolution is
measured by the oscilloscope. It is better to measure more than 1 sample
per revolution in order to resolve the signal (for example, 100 points per
revolution). The turn-by-turn data (1 point per revolution) can be then
sampled out in the oﬄine analysis. The sampling rate (number of sam-
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pled points per revolution) can be adjusted in the LeCroy’s ‘setup time-
base’ menu. In SISMODI the revolution frequency can be tuned to match
with the LeCroy’s sampling rate, so that an exact integer number of point
per revolution is taken. Such synchronization is needed to perform clear
turn-by-turn sampling. This condition was precisely fulfilled in the mea-
surements of 22/05/2007, 15/08/2007 and 22/10/2007 (Table 5.2).
• Changing the Q-kick voltage is important to adjust properly the Q-kick
strength so that no beam is lost. This setting is mostly crucial for the
measurements at injection, where the beam energy is low and strong Q-
kick voltage can kick the beam from the orbit.
5.4.1.1 Measured beam profiles
Measuring the horizontal and vertical beam profiles by the RGM the finite beam
sizes were estimated in the experiments of 15/08/2007 and 22/10/2007. The
optimized one turn injection was used to create a ‘pencil’ like beam. In the
measurements 15/08/2007 and 22/10/2007, the full width at half maximum
FWHMx = 8 mm, FWHMy = 5 mm and FWHMx = 5 mm, FWHMy = 5
mm were achieved, respectively. From the FWHM the corresponding horizon-
0
50
100
150
200
250
300
350
-60 -40 -20 0 20 40 60
In
te
n
s
it
y
(
m
a
x
im
u
m
1
2
B
it
s
)
position [mm]
0
50
100
150
200
250
-60 -40 -20 0 20 40 60
In
te
n
s
it
y
(m
a
x
im
u
m
1
2
B
it
s
)
position [mm]
a) 15/08/2007 b) 22/10/2007
Figure 5.6: Horizontal and vertical beam profiles measured by the RGM on a)
15/08/2007 and b) 22/10/2007.
tal/vertical rms beam sizes σx,y are computed assuming Gaussian profile via
Eq. (7.12). Transverse rms emittances are obtained from the beam sizes by
applying Eq. (7.14): (x, y) ≈ (1.4, 1.4) mm mrad for 22/10/2007 and (x, y) ≈
(4.5, 1.4) mm mrad for 15/08/2007 measurements, respectively.
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5.4.1.2 Measured closed orbit
In Fig. 5.7 the horizontal and vertical CO taken with POSI on 22/10/2007 is
presented. The corresponding steering settings were recorded to be used in sim-
ulations and equal to those in the fifth column of Table 3.3.
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Figure 5.7: The horizontal and vertical CO at extraction energy in the measure-
ments of 22/10/2007.
5.4.1.3 Conversion of Q-kick voltage (kV) to Q-kick angle (mrad) and
estimation of the Q-kick amplitude in the experiments
The conversion of Q-kick voltage in kV to Q-kick angle in mrad is presented.
The kick-angle of the dipole kicker can be expressed through the magnetic filed
B and rigidity Bρ [80]:
α =
Bl
Bρ
, (5.22)
where l = 0.45 m is the magnet length and the field of a dipole magnet B is [80]
B =
I · µ0
h
, (5.23)
where I is the current, h = 0.184 m is the magnet gap height and µ0 = 4pi · 10−7
Vs/Am is magnetic permeability of vacuum. The electric current can be expressed
through the voltage of the load cable I = U/(2 · Z), Z = 25Ω. The maximum
voltage is Umax = 35 kV. The SIS18 Q-kicker kicks on 45
◦ in both x- and y-planes,
so that the projected components of α = {αx, αy} are
αx,y =
1√
2
α, (5.24)
In the Table 5.3 the calculated Q-kick angles at extraction energy for 40Ar18+
with rigidity Bρ = 7.21 (Eextr = 416.54 MeV/u) and for
238U73+ with rigidity
Bρ = 11.82 (Eextr = 500 MeV/u) are presented. For the lower rigidities at the
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injection energy the Q-kick angles will be correspondingly larger.
Table 5.3: The converted Q-kick voltages in kV to Q-kick angles in mrad.
Voltage, kV 5 10 15 20 25 30 35
40Ar18+: αBρ=7.21, mrad 0.043 0.085 0.128 0.170 0.213 0.255 0.298
238U73+: αBρ=11.82, mrad 0.026 0.052 0.078 0.104 0.130 0.156 0.182
The amplitude A of the transverse oscillations (Fig. 5.8) can be adjusted by
changing the kick strength varying the Q-kicker voltage. The kick strength must
be chosen accurately, so the beam is not lost, providing a good signal-to-noise
ratio. For the chosen strength of the kick the offset oscillations must stay in the
linear regime, namely, no nonlinear dependence of the retrieved tune on the kick
strength.
The signal treatment for S01DP1P is done according to Eq. (2.1). The AC (al-
A
A
Figure 5.8: Screen shot of the LeCroy oscilloscope of a coasting beam with 250
kS (kilo samples) measured on 22/10/2007: ∆- vertical (C4) and
horizontal (C2) signals, from the phase probe S01DP1P, C3 is ∆
signal from the Q-kicker.
ternating current) preamplifiers of the SIS18 BPMs are designed for the position
measurements of a bunched beam, where the alternating current induced by the
time-changing electric field of the bunched beam is measured. For a bunched
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Figure 5.9: Screen shot of the LeCroy oscilloscope of a bunched beam with 1
kS (kilo sample) measured on 22/10/2007: vertical ∆- (C4) and Σ-
(C2) signals, from the phase probe S01DP1P, C3 is ∆ signal from the
Q-kicker.
beam both nonzero differential (∆) and sum (Σ) signals are available. However,
the beam position of a coasting beam can not be measured by such pick-ups
since there is no beam current change in the ring for coasting beam and the Σ
signal is zero. The ∆ signal of the coherent transverse oscillations of a coasting
beam is still available. Estimating kick amplitude for a bunched beam the kick
amplitude A of a coasting beam is estimated. The bunched beam was created
from the coasting beam by turning the RF on, see Fig. 5.9. The Q-kick strength
was kept the same as for the coasting beam. The difference between amplitudes
of ∆ signals after and before Q-kick is divided by their Σ signal
A = Ky · ∆Uy,a −∆Uy,b∑
Uy
∼= 50.5 mm · 0.27 V− 0.16 V
3.5 V
= 1.59 mm, (5.25)
where according to the chosen voltage per division scale on Fig. 5.9:
∑
Uy ≈
1.0 V/div · 3.5 div = 3.5 V, ∆Uy,a ≈ 160.0 mV/div · 1.7 div = 0.27 V, ∆Uy,b ≈
160.0 mV/div · 1.0 div = 0.16 V. The values of estimated amplitudes of the
horizontal/vertical offset oscillations for the tune measurements are presented in
Table 5.4. The difference between X and Y amplitude depends on the horizontal
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Table 5.4: Estimated kick amplitudes at extraction energy in the tune measure-
ments 22/03-, 22/05- and 22/10/2005.
Measurement X amplitude, mm Y amplitude, mm
22/03/2007 —– 2.21
22/05/2007 —– 1.65
22/10/2007 3.87 1.59
and vertical β-functions in the position of the Q-kicker. At injection (triplet
focusing) βx = βy = 7 m, at extraction (doublet focusing) βx = 13 m and
βy = 5 m [81]. During the measurements it was optimized and concluded in all
tune measurements to set the Q-kick voltage of 25 kV that corresponds to αU =
0.130 mrad and αAr = 0.213 mrad at extraction energy for
238U73+ and 40Ar18+,
respectively (Table 5.3). For the Q-kick strength αU = 0.130, αAr = 0.213 mrad
the corresponding horizontal and vertical projections according to Eq. (5.24) are
αU,x,y ≈ 0.092, αAr,x,y ≈ 0.15 mrad.
5.4.2 Data acquisition: tune evaluation using FFT
From the spectrum of transverse oscillations the fractional part of the tune is
retrieved. To achieve higher precision in the signal processing interpolated Fast
Fourier Transformation (FFT) with Hanning data windowing was applied [78]
(see APPENDIX E 7.5). The horizontal and vertical coherent betatron oscil-
lations with and without chromatic correction are presented in Fig. 5.10. The
signal decoherence time with chromatic correction is longer than 2.5 ms which
corresponds to 2500 turns and 2048 points in FFT analysis. Without chromatic
correction the signal declines in less than about 500 turns. The chromatic sex-
tupoles were powered ON to correct the chromaticity in all the experiments. To
reach a proper precision in the tune measurements, 2048 turns are required. Using
1024 turns is not enough for the precise tune measurements. In the later experi-
ments 2048 turns were stored (early measurements of 25/10/2006 and 22/03/2007
were undertaken with 1024 turns). The measured vertical detuning for different
numbers of turns is shown on Fig. 5.11. It is important to notice that the left tail
(first 50 turns) of the recorded LeCroy signal without oscillations corresponds
to the beam which has not yet been kicked. This part of oscillations must be
removed from the signal in the processing FFT routines.
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the Q-kick without and with chromatic correction, measurement of
22/10/2007.
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Figure 5.11: Vertical detuning measured on a) 22/03/2007 (1024 turns in FFT)
and b) 22/10/2007 (2048 turns in FFT).
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5.5 Limits for application
The limitations of the presented model are discussed, namely, finite beam size,
Q-kick strength and amplitude of closed orbit distortion. The discussion on
sextupole and steerer calibration errors is given after the experimental results
in Section 5.6.3. Additional aspects and measurements of linear coupling are
summarized in Section 5.6.4.
5.5.1 Q-strength and finite beam size
In realistic conditions the application of the NTRM model might include the
intrinsic error in the evaluation of the experimental tunes due to the finite size of
the beam. The MICROMAP simulations have been done for a single particle and
multiparticle dynamics to evaluate the effect of the finite beam size for different
Q-kick strengths. The simulation was run for the SIS18 lattice model with the
12 normal chromatic sextupoles excited with their values at extraction energy
(see Table 2.5) for several different beams of varying emittances. The emittance
were chosen larger or smaller than those observed in the horizontal and vertical
beam profile measurements of 22/10/2007, which are (x, y) ≈ (1.4, 1.4) mm
mrad. The Q-kick strengths αx,y chosen within 0.5 mrad range (for extraction
energy, see Table 5.3) were applied in both planes, simultaneously. The tunes
were determined via FFT over 4096 turns. The error introduced by the finite
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Figure 5.12: MICROMAP simulation for 1000 multiparticles for the Qx0 = 4.304
and Qy0 = 3.268 for a) horizontal Qx−Qx0 and b) vertical Qy−Qy0
tune dependence on the Q-kick angle given on 45◦ in horizontal and
vertical planes.
beam size with maximum emittance (x, y) < 15 mm mrad is of the order of
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5 × 10−5 in the horizontal and vertical planes for a kick amplitude of about 0.1
mrad (Table 5.3). Therefore, a single particle model was applied.
5.5.2 Range of the linear orbit response
For the study of the tune dependence Q(xco, k2) on the CO deformation and sex-
tupolar gradient, a MICROMAP simulation was performed. The normal chro-
matic sextupoles were included with the values of Table 2.5 for extraction energy.
Using the nonlinear lattice model, the horizontal/vertical CO dependence at the
BPM (S01DP1P) vs. horizontal/vertical steering angle (S12MU1A/S12KM2DV),
respectively, were calculated. Figure 5.13 shows that the horizontal and vertical
orbit response is linear within ± 10 mrad range. The simulation was stopped at
the angles where the particles are lost because of the nonlinearities. This suggests
that within this range of the CO deformation xco ∝ θ and contributes linearly to
the tune shift ∆Q ∝ k2xco.
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Figure 5.13: MICROMAP simulation of horizontal and vertical CO deformation
in nonlinear lattice.
5.6 Experimental proof of reconstruction in the
SIS18
In this section the results of the experimental validation of NTRM model mea-
sured on 15/08/- and 22/10/2007 in the SIS18 are presented. The tune response
for the machine set for normal operation (referred to this setting S0) with chro-
matic sextupoles powered on is measured. The values for the chromaticity cor-
rection sextupoles at extraction are found in Table 2.5. Then some sextupoles
for chromatic correction get a small extra probing strength errors, and the tune
response is re-measured for the same deformation of closed orbit. By subtracting
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the two tune response curves, the resulting differential tune response depends
solely from the extra probing error added on the sextupoles. As the probing
errors are folded linearly into the terms xQ
x
t , the experimental task is to measure
the differential tune response and obtaining xQ
x
t . For completeness, the measure-
ment was repeated for several probing error strengths ∆K2, signs and locations.
The same procedure was repeated in the vertical plane with yQ
y
t , where addi-
tional skew sextupoles were powered (Section 2.3.4). According to the notations
of Section 5.2: Nl = 2 and Nt = 2. The elements of the SIS18, steerers and
sextupoles, associated to the indexes t and l are reported in Table 5.5 and their
location in the ring can be seen in Fig. 5.14.
Table 5.5: SIS18 steerers and sextupoles used for the experimental proof.
Carried out experiment Index t l
one normal sextupolar error 1 S10MU1A S11KS1C
two normal sextupolar errors 1 S10MU1A S03KS1C (or S09KS1C)
2 S11MU1A S11KS1C
one skew sextupolar error 1 S12KM2DV S02KM5SS
two skew sextupolar errors 1 S12KM2DV S02KM5SS
2 S06KM2DV S08KM5SS
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Figure 5.14: The SIS18 layout: the selected sextupoles, steerers, the BPM and
the Q-kicker used in the experimental proof.
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5.6.1 Normal sextupolar errors
5.6.1.1 One normal sextupolar error
One of the normal chromatic sextupoles (S11KS1C) was excited on top of the
chromatic correction value. Figure 5.15a shows the horizontal tunes measured
as function of the strength and of the steering angle S10KM2DV (marked as θ1)
for several sets of probing errors (S1 and S2) of Table 5.6. As the probing error
is folded linearly into the term xQ
x
1 , the experimental task was to measure the
differential tune response and obtaining xQ
x
1 . Figure 5.15b shows the differential
tune response curves. As expected, these curves are linear and their slopes di-
rectly give the quantities xQ
x
1 for S1 and S2 setting given in units 1/rad. Once
these quantities are determined, the strengths of the probing sextupolar errors
are retrieved by applying Eq. (5.18). The comparison of the simulations with
MICROMAP, experimental and theoretical values is presented in Table 5.6.
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Figure 5.15: Measured a) fractional part of the horizontal tune vs. horizontal
steering angle θ1 (S10MU1A) for different strengths of the excited
sextupole S11KS1C and b) the corresponding differential tune re-
sponse.
Table 5.6: Additional strengths applied in the normal sextupole S11KS1C.
Setting l ∆K2 Calculation Experiment Rel. error,
×10−2, [m−2] ×10−2, [m−2] ×10−2, [m−2] %
S1 1 4 4.005 4.072 1.7
S2 1 8 8.001 8.552 7.0
Additional MICROMAP simulations were performed for the comparison and ex-
planation of the measured detunings (see APPENDIX F 7.6).
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5.6.1.2 Two normal sextupolar errors
Following the outlined procedure the case of two normal probing sextupolar er-
rors (sextupoles S03KS1C and S11KS1C) to be reconstructed by deforming the
orbit using two horizontal steerers (S10MU1A and S11MU1A) was considered.
The corresponding notations are given in Table 5.5. For completeness, the mea-
surement was repeated for several probing error strengths ∆K2 which values are
reported in the third column of Table 5.7. When the normal probing errors are
excited, only horizontal deformation of the closed orbit can reveal them (the
terms xQ
y
t and yQ
y
t are absent). As the probing errors are folded linearly into the
terms xQ
x
1 , and xQ
x
2 obtained from the differential tune response. By applying
Eq. (5.20) the strengths of the probing sextupolar errors are retrieved. These
results obtained from simulations and experiments are summarized in Table 5.7.
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Figure 5.16: Measured a), c) fractional part of the horizontal tune vs. horizon-
tal steering angles θ1 (S10MU1A) and θ2 (S11MU1A) for different
strengths of the excited sextupoles S03KS1C and S11KS1C. The
corresponding differential tune response b) and d).
94 5. Experiments and modeling of nonlinear beam dynamics in the SIS18
Table 5.7: Additional strengths applied in the normal sextupoles S03KS1C and
S11KS1C.
Setting l ∆K2 Calculation Experiment Rel. error,
×10−2, [m−2] ×10−2, [m−2] ×10−2, [m−2] %
S1 1 -2 -1.999 -1.797 10.5
2 1 1.001 1.018 1.8
S2 1 -4 -3.998 -4.133 3.3
2 2 2.002 1.546 22.7
S3 1 -8 -7.995 -7.609 4.9
2 4 4.007 3.902 2.5
S4 1 5 5.008 4.971 0.6
2 -3 -2.997 -2.739 8.7
5.6.1.3 Additional two sextupolar errors
As a complementary test one of the two errors was given to the sextupole S09KS1C
instead of S03KS1C and the measurement procedure was repeated (Fig. 5.17).
The results obtained are reported Table 5.8.
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Figure 5.17: Measured a), c) fractional part of the horizontal tune vs. horizon-
tal steering angles θ1 (S10MU1A) and θ2 (S11MU1A) for different
strengths of the excited sextupoles S09KS1C and S11KS1C. The
corresponding differential tune response b) and d).
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Table 5.8: Additional strengths applied in the normal sextupoles S09KS1C and
S11KS1C.
Setting l ∆K2 Calculation Experiment Rel. error,
×10−2, [m−2] ×10−2, [m−2] ×10−2, [m−2] %
S1 1 -2 -2.000 -1.840 8.0
2 1 1.001 1.035 3.4
S2 1 -4 -3.999 -4.106 2.7
2 2 2.004 1.821 9.0
S3 1 -8 -8.010 -8.107 1.3
2 4 4.003 3.730 6.8
5.6.2 Skew sextupolar errors
For the second experimental validation test probing errors in skew sextupoles
as summarized in Table 5.5 have been applied. As the errors are skew now, a
tune response is expected for vertical closed orbit deformation. The tune in the
vertical plane to test NTRM by measuring yQ
y
t was measured. The experimental
setup is the same as for the first experiments. The strength of the skew probing
errors is limited by hardware constraints, which reported in Tables 5.9 and 5.10.
5.6.2.1 One skew sextupolar error
One skew error was given to sextupole S02KM5SS varying the vertical steerer
S02KM2DV (θ1). Figure 5.18a shows the tune response curves for the probing
error of strength shown in Table 5.9. In Fig. 5.18b the differential tune response
curve is drawn. By applying Eq. (5.19) with the found yQ
y
1 the strengths of
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Figure 5.18: Measured a) fractional part of the vertical tune vs. vertical steering
angle θ2 (S02KM2DV) for different strengths of the excited skew
sextupole S02KM5SS and b) the corresponding differential response.
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the probing sextupolar errors are retrieved. In the fifth column of Table 5.9 the
reconstructed probing error is reported. The parabolic form of the vertical tune
Table 5.9: Additional strengths applied in the skew sextupole S02KM5SS.
Setting l ∆J2 Calculation Experiment Rel. error,
×10−3, [m−2] ×10−3, [m−2] ×10−3, [m−2] %
S1 1 8.32 8.32 6.63 20.1
response in Fig. 5.18a is caused by the coupling contribution produced by the
normal sextupoles of the chromatic correction (the connected discussion is given
in Section 5.6.4).
5.6.2.2 Two skew sextupolar errors
Two probing sextupolar errors were given to skew sextupoles (S02KM5SS and
S08KM5SS) and two vertical steerers (S12KM2DV and S06KM2DV) were var-
ied. Figure 5.19a and c show the tune response curves for two probing errors
of strength shown in Table 5.10. In Fig. 5.19b and d the differential tune re-
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Figure 5.19: Measured a), c) fractional part of the vertical tune vs. vertical
steering angles θ1 (S12KM2DV) and θ2 (S06KM2DV) for different
strengths of the excited skew sextupoles S02KM5SS and S08KM5SS.
The corresponding differential tune response b) and d).
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sponse curves are drawn. By applying Eq. (5.21) with the found yQ
y
1 and yQ
y
2
the strengths of the probing sextupolar errors are retrieved. In the fifth column
of Table 5.10 the reconstructed probing errors are summarized.
Table 5.10: Additional strengths applied in the skew sextupoles S02KM5SS and
S08KM5SS.
Setting l ∆J2 Calculation Experiment Rel. error,
×10−3, [m−2] ×10−3, [m−2] ×10−3, [m−2] %
S1 1 8.32 8.35 7.13 14.6
2 8.32 8.35 7.29 12.7
S2 1 8.32 8.33 8.76 5.2
2 -8.32 -8.31 -4.52 45.6
5.6.3 Propagation of the measurement errors in the solution
The measurement errors given in the sixth column in Tables 5.6, 5.7, 5.8, 5.9
and 5.10 arise from different β-functions of the real machine to the ones of the
model and not ‘ideally’ calibrated steerers and sextupoles. The ideal calibra-
tion of steerers and sextupoles supposes that the values set in SISMODI are
precisely converted in the equivalent electric current. The conversion to electric
current according to Eq. (2.4) has been checked for all the sextupoles used, the
conversion error produced is less than 1 %. The calibration of the steerers was
cross-checked in the SIS18 ORM modeling (Section 3.3) except for the horizontal
steerers S10MU1A and S11MU1A. Their calibration was checked by monitoring
the corresponding electric current to the angle set in SISMODI (as for sextupoles)
during the measurements. The error brought by the steerer calibration are esti-
mated to be about some %. Another source of errors is different β-functions of
the real machine to the ones of the model. To retrieve the β-function model of
the SIS18 from the performed ORM analysis was not possible (Section 3.3.3.3).
The precise knowledge of the SIS18 β-function is important for further NTRM
application and would require to repeat the ORM analysis (Section 3.3.3.3).
In general, the accuracy in reconstruction of sextupolar errors is less than 10 %
for errors of the order 10−2 [m−2]. For the skew probing errors (Tables 5.9 and
5.10) a relatively large relative deviation is observed. The strengths of the applied
skew errors are limited by hardware constraints and are of the order 10−3 [m−2].
These tiny errors are on the borderline of the method resolution.
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In the numerical treatment it is important to pay attention that the mathemat-
ical model of the physical phenomena is stable against perturbations. A system
of linear equations is considered
A · x = b, (5.26)
where x = A−1b is a precise unique theoretical solution. The problem needed
to be solved in experimental NTRM reconstruction is the linear system with the
same matrix A and with vector bδ defined from experiments containing certain
measurement errors
A · xδ = bδ, (5.27)
where xδ is a solutions for experimental vector bδ for any δ > 0. For any bδ, the
following condition holds: ‖ bδ − b ‖≤ δ, where δ is the measure of inaccuracy.
The numerical instability in the inverse problem x = A−1b appears from errors
in the vector b and results in much larger errors in the answers [82]. Hadamards’
criteria of stability [82] reads
• A solution exists
• The solution is unique
• The solution depends continuously on the data, in some topology: xδ → x,
as bδ → b.
5.6.4 Linear coupling
5.6.4.1 Linear coupling signature as a beating in betatron oscillations
The CO perturbations can act in one plane and excite resonances along certain
lines in the tune diagram. The linear coupling gives rise to a beating between
horizontal and vertical betatron oscillations [8]. The frequency of this beat-
ing/modulation is dependent on the distance to the coupling resonance [8]. The
coupling is introduced by normal sextupoles of chromatic correction and was ob-
served in Y plane as a beating (Fig. 5.20). A certain perturbation can generate
coupling between the two transverse planes, depending on how close the chosen
operating tune is to the linear coupling resonance. Figure 5.20 shows 300 turns
of the vertical betatron offset oscillations measured in the SIS18 on 22/05/2007
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for the two different vertical steering angles θ5 = −0.5 mrad and θ5 = +2.5 mrad.
The linear coupling for θ5 = −0.5 mrad was almost absent: only weak beating
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Figure 5.20: 300 turns of the vertical offset oscillations for the different steering
angles of the vertical steerer S05KM2DV a) θ5 = −0.5 mrad and b)
θ5 = +2.5 mrad with corresponding FFT spectra c) and d).
(Fig.5.20a) and a small peak of the horizontal normal mode in the Fourier spec-
trum of the vertical oscillations (Fig.5.20c). Distorting vertical CO in a different
way for θ5 = +2.5 mrad a coupling driving term was produced. For this setting
the stronger beating was observed (Fig.5.20b), where the two peaks of normal
mode tunes appear in the vertical spectrum (Fig.5.20d).
5.6.4.2 Linear coupling signature as a parabolic detuning in vertical plane
The equations of betatron motion for a particle with a small amplitude in an
accelerator with a deformed closed orbit in the presence of sextupolar field read
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(Eq. (5.8) and Table 5.1)
δ′′x + (kx(s) + k2xCO)δx ≈ k2yCOδy
δ′′y + (ky(s)− k2xCO)δy ≈ k2yCOδx ,
(5.28)
where horizontal tune Qx −Qx0 ∝ k2xCO and vertical tune Qy −Qy0 ∝ −k2xCO
are linearly dependent on the horizontal CO distortion. However, the right hand
side of both equations of the linear system (5.28) are dependent on the vertical
CO distortion yCO, which introduces coupling on the vertical coordinate yCO.
The result of this coupling appears in quadratic behavior of the vertical detuning
to the change of vertical CO. In order to demonstrate the quadratic dependence
analytically, a model for constant focusing kx(s) = kx0, ky(s) = ky0 is considered.
By varying only the vertical CO Eq. (5.28) can be simplified
δ′′x + kx0δx ≈ k2yCOδy
δ′′y + ky0δy ≈ k2yCOδx .
(5.29)
Expressing the linear system (5.29) to a homogeneous differential equation of one
variable (δx or δy) with constant coefficients
aδ′′′′y + bδ
′′
y + cδy = 0 , (5.30)
where a = 1, b = kx0 + ky0 and c = kx0ky0 + k2yCO
2. The general solution
of Eq. (5.30) can be written as δy =  cos(ψs),  is the amplitude, ψ is the
frequency and s is the longitudinal coordinate. Substituting δ′′′′y = ψ
4 cos(ψs),
δ′′y = −ψ2 cos(ψs) and δy =  cos(ψs), the equation for the normal frequency of
the 4th order is obtained
aψ4 − bψ2 + c = 0 , (5.31)
with the solution ψ21,2 = (b ±
√
b2 − 4ac)/2a ∝ Q2y. Applying Taylor expansion
on the small perturbation of the vertical CO yCO
Qy(yCO) ≈ Qy(0) +Q′y(0)yCO +
1
2
Q′′y(0)y
2
CO + ... , (5.32)
where from Eq. (5.31) Q′y(0) = 0 and Q
′′
y(0) 6= 0 are obtained, which show the
quadratic response in Qy due to yCO distortion. The quadratic vertical detuning
to the change of vertical CO was observed in the SIS18 measurements as well as
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in simulations with MICROMAP. In Fig. 5.21 the simulation of horizontal and
vertical detuning for a linaer SIS18 lattice in the presence of one sextupole with
normal, skew and the combination of the both components is presented. The de-
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Figure 5.21: Horizontal and vertical detuning for the SIS18 linear lattice model
in the presence of one sextupolar error a) normal, b) skew, and c)
both, respectively.
tuning in vertical plane in the presence of a normal sextupolar error is parabolic
(Fig. 5.21a right). For a skew sextupolar error the detuning is parabolic in hori-
zontal plane (Fig. 5.21b left). In general the shape of the detuning curves, their
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signs and the detuning amplitude are dependent on the machine tune, CO de-
formation, strength and combination of sextupolar components. A measurement
demonstrating that there is a quadratic vertical response to the vertical steerer
change if normal chromatic sextupoles excited is presented in Fig. 5.22.
5.6.4.3 Linear coupling in NTRM model
In measurements of 22/05/2007 (Fig. 5.22) the nonlinear vertical tune vs. ver-
tical steering angles were measured for the two normal chromatic sextupoles
S03KS3C and S07KS3C excited with additional different strengths S1, S2 and
S3 (Table 5.11) on top of the chromatic correction provided by all 12 sextupoles
and indicated as S0. By giving additional normal sextupolar errors, an addi-
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Figure 5.22: Fractional part of the vertical tune vs. vertical steering angle a)
θ5 (S05KM2DV) and b) θ12 (S12KM2DV) for different strengths of
the SIS18 normal chromatic sextupoles S03KS3C and S07KS3C.
Table 5.11: Additional strengths of the excited normal sextupoles S03KS3C and
S07KS3C.
excitation strength sextupole S03KS3C sextupole S07KS3C
S1: ∆K2 × 10−2, [m−2] -2 4
S2: ∆K2 × 10−2, [m−2] -4 8
S3: ∆K2 × 10−2, [m−2] -8 16
tional quadratic term is shifting the parabolic vertical tune response up or down
(Fig. 5.22). This response is different to the response (Figs. 5.18 and 5.19), where
additional skew sextupolar errors are shifting the parabola in a different way. By
giving additional skew sextupolar errors, an additional linear slope is added to the
parabola, created by the normal sextupoles of chromatic correction. The added
linear slope can be identified in differential responses yQ
y
t . The tune response
presented in Fig. 5.22 has to be avoided for the error reconstruction.
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5.7 Conclusion and outlook for application of the
NTRM in the SIS18
• The theoretical basis of the NTRM model was presented.
• The numerical and experimental validation of the NTRM in reconstructing
sextupolar errors was carried out.
• The measurements on nonlinear detuning taken in the SIS18 were analyzed
and interpreted according to the simulations with MICROMAP. The op-
timal conditions for the nonlinear tune measurements in the SIS18 were
worked out and documented.
• Two normal and two skew sextupolar errors of the order of natural errors
(K2 ≈ 0.01 m−2) were reconstructed in the SIS18. In general, the accuracy
in reconstruction of sextupolar errors is less than 10 % for sufficiently large
errors out of the chosen range as described in Section 5.6.
The practical side of the reconstruction technique is still under development.
It can be also applied to reconstruct octupolar errors, finally, to reconstruct
sextupolar and octupolar field errors in the complete machine. The next step of
this reconstruction technique is reconstruction of the sextupolar nonlinear errors
in order to compensate them.
5.7.1 Reconstruction of 12 sextupole errors in the SIS18
To validate the NTRM experimental part further, it is necessary to increase the
number of sextupolar errors. The measurement and experimental sequence is
identical to the procedure of two steerers and simply extended to 12 steerers.
An extra error is given to each of the 12 chromatic sextupoles. Using the same
number of horizontal steerers (12) the detunings ∆Qx and ∆Qy are measured.
It is better to take the ∆Qx detuning, since it is almost linear (weak parabolic
component). The vertical detuning is predominantly parabolic because of the
coupling contribution induced by the chromatic sextupoles.
As the future step, the NTRM model shall be extended for the case of the number
of nonlinear errors exceeding the number of steerers, in analogy with the ORM,
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where SVD methods can be applied for solving the linear systems (5.15) or (5.16).
5.7.2 Measurement of systematic and random sextupolar
errors in the SIS18
The developed NTRM theory can be applied to measure natural and systematic
sextupolar components in each period of the SIS18. After the sextupolar errors
are found, they can be compensated. The data of the same measurement for the
reconstruction of 12 normal sextupolar errors can be used. The systematic errors
are assumed to be located in the dipoles, for example, in every first dipole of
each period. The total change in the horizontal tune then is introduced by the
normal systematic sextupolar errors K2l located in the first dipoles of each period
and K2λ are normal sextupole gradients of the normal 12 chromatic correction
sextupoles.
∆Qx =
1
4pi
Nl∑
l=1
Nt∑
t=1
βlxM
x
ltK2lθxt +
1
4pi
Nλ∑
λ=1
Nt∑
t=1
βλxM
x
λtK2λθxt (5.33)
Taking a small θxt (less than 1 mrad) the linear slopes xQ
x
t = ∂Qx/∂θxt can be
calculated
4pi xQ
x
t =
Nl∑
l=1
Nt∑
t=1
βlxM
x
ltK2l +
Nλ∑
λ=1
Nt∑
t=1
βλxM
x
λtK2λ (5.34)
From the Eq.(5.34) the coefficients K2l can be found as the second detuning term
due to the chromatic sextupoles is known. It is important to notice that the
vertical tune response with the dominant parabolic character is not appropriate
for this purpose.
As an additional test, the detuning without chromatic sextupoles switched on
can be measured. It would directly show how strong the detuning is affected
by the systematic and natural errors. However, in this case, the precision of
the tune evaluation is limited by the signal decoherence: the trade off between
chromaticity, beam momentum spread and number of turns. The reasonable
precision for the tune evaluation for FFT requires to have 2048 turn measured.
If the signal-to-noise ratio is high enough, the direct calculation can be applied
via Eqs. (5.15) and (5.16) without subtracting the contribution of the chromatic
sextupoles.
6 Conclusion and outlook
In this chapter the main results of the simulations and experiments are summa-
rized. A possible extension of the work on the presented subject with suggestions
for the next experiments and some numerical predictions related to the future
development for the SIS18 and SIS100 synchrotrons are discussed.
6.1 Main results of the present work
The main result of this Thesis is the new beam-based technique to determine
nonlinear field errors in circular accelerators, their strengths and polarities. The
linear optics measurements and corrections have been a necessary step before the
nonlinear field errors could be addressed.
The complete horizontal and vertical CO correction along the machine was ob-
tained by a super position of local corrections in each period, altering three
steering dipoles at one time (three-steerer-local-bump algorithm). The correction
performed at injection and extraction energy is shown in Fig. 3.9, which was im-
mediately beneficial to the experimental program. However, the horizontal CO
correction is still restricted since 6 horizontal steerer power supplies are unipolar,
which interfere with signs of correction angles given by the local bump condition.
The ‘orbit response matrix method’ (ORM) modeling was applied to calibrate
the SIS18 linear lattice model: 24 quadrupole strength errors, power supplies of
18 steering magnets and 24 BPMs. The three ORM data sets were measured,
analyzed separately and fitted to a model three times (Figs. 3.15, 3.16 and 3.17).
However, the present redundancy and accuracy of the measured SIS18 ORM
needs to be improved. The recommendations for the future improvements of the
ORM applications to the SIS18 were worked out (Section 3.4).
The experimental study of resonance beam loss was carried out, where beam in-
tensity and profile measurements were measured for different working points (tune
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scanning) with corrected and distorted CO. The artificially distorted closed orbit
was produced by local orbit distortions in several periods on top on the corrected
orbit. The evidence of several existing resonances through beam loss has been
confirmed. It was found that CO distortions excite resonances which do not exist
for a corrected CO (Fig. 4.13). Furthermore, the increase of the beam loss at the
resonant tunes was measured with sextupoles of chromatic correction switched
on (Figs. 4.15 and 4.16).
The knowledge of nonlinear components in the machine is important for the res-
onance compensation. The new method to diagnose nonlinear field components
was developed. In the method the feed down effect of the nonlinear components at
level of linear tune response to the closed orbit (CO) deformation is explored. The
method was called ‘nonlinear tune response matrix method’ (NTRM) in similarity
with ORM, where the response to the steering angle change provides information
on the linear field errors. The presented method extends the ORM analogy with
the difference that the tune response to the steering angle change is measured.
The CO change is introduced by varying correction steerers. The tune values are
retrieved from the spectrum of coherent betatron oscillations excited by a fast
kick. An experimental validation was carried out in the SIS18 synchrotron where
two normal as well as two skew sextupolar errors were reconstructed (Figs. 5.16,
5.17 and 5.19; Tables 5.7, 5.8 and 5.10). It was demonstrated how this tech-
nique can be applied to reconstruct sextupolar nonlinear errors in the complete
machine. An outlook to future experiments is given in Section 5.7. The proposed
technique can be directly applied to the SIS18 since it does not need an acquisi-
tion system with two simultaneous turn-by-turn beam position monitors (BPM),
which is at present not available in the SIS18. After the sextupolar nonlinear
errors are found they can be compensated as a major part of the SIS18 upgrade
program.
6.2 Discussion on the choice of the ‘new’ working
point for the SIS18
If nonlinearities are present they create a stability domain in the phase space
(dynamic aperture). The dynamic aperture is however strongly affected by the
machine working point. If the tune is close to a resonance the dynamic aperture
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shrinks. If a beam is injected in a synchrotron with tunes away from a resonance,
resonance beam loss won’t occur. If the tunes are dynamically changed during
the beam storage so as to cross a resonance, during the crossing the part of the
phase space which was stable becomes then unstable and particle beam loss oc-
curs [3, 4]. In practice beam intensities are limited by the space charge tune
shift caused by the defocusing space charge forces. The space charge tune spread
moves the tune of some particles towards a resonance and they are quickly lost
[2, 24].
In Ref. [2] a ‘new’ high current working point (Qx = 4.2, Qy = 3.6) of the SIS18
is proposed. The SIS18 shall operate in the presence of the space charge tune
spread [2]. The chosen high intensity working point, the sketched space charge
tune spread, and the revealed resonances are presented in the SIS18 tune dia-
gram (Fig. 6.1). It shows that six existing resonances (green) are crossed by the
tune spread, among them Qx − Qy = 1, 2Qy = 7, 3Qy = 10, Qx + 2Qy = 11,
2Qx − Qy = 5 and 4Qy = 13 [3, 4, 5, 9]. The resonances 2Qy − Qx = 3 and
2Qx +Qy = 12 are in the neighbourhood of the working point itself.
The half integer resonance 2Qy = 7 is mainly driven by gradient errors of the 36
quadrupoles in the ring. The first attempt to find out the exact values of these
errors has been done in orbit response matrix analysis for the SIS18, presented
in Section 3.3 (Table 3.6). The retrieved values of the quadrupole gradient errors
given in Table 3.6 are of the order 10−2 − 10−3 m−2.
The linear coupling resonance Qx −Qy = 1 is driven by tilted field errors of the
quadrupoles. The resonance introduces a coupling motion between horizontal
and vertical motions and is usually compensated by means of skew quadrupoles
(normal quadrupoles rotated by 45◦). In [73] an attempt to define a strength of
the linear coupling resonance from emittance exchange measurements has been
carried out. An example of possible compensation by means of six skew correc-
tion quadrupoles has been experimentally demonstrated [73]. Figure 4.13 shows
the beam loss at the linear coupling resonance is increased if the CO is not
corrected.
The third order resonances 3Qy = 10, Qx+2Qy = 11, 2Qx−Qy = 5, 2Qy−Qx = 3
and 2Qx + Qy = 12 are mainly caused by the sextupole terms of the 24 dipoles
magnets. The sextupolar field components in the magnetic field of each mag-
net were measured as k2 ∼ 0.01 m−2 at the injection field of 0.2 T [2]. The
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Figure 6.1: Shifted resonance chart according to systematic tune errors in SIS-
MODI and identified resonances (green color) of the measurements
(10/03/2004, 07/10/2004, 13/05/2005 and 28/08/2007) together with
the ‘new’ working point and schematic space charge tune spread.
measurement of sextupolar components of the complete machine still has to be
done. The new technique to measure sextupolar errors of the SIS18 is proposed
in Chapter 5.
It has been experimentally demonstrated (Section 4.2) that for not corrected CO
additional beam loss occurs at several of the third order resonances 3Qy = 10,
2Qx −Qy = 5 and 2Qx +Qy = 12.
A signature of the fourth order resonance 4Qy = 13 was found in [4, 5], but it
did not appear clearly in the latest beam loss measurements (see Section 4.2). It
might be possible that in some measurements the resonance was excited by the
uncorrected vertical CO.
The combined effects of the space charge and nonlinear resonances can result in a
long term beam loss [24]. The understanding of the beam loss mechanism requires
one to quantify each source of the nonlinear errors in the machine. Correction
schemes and algorithms to compensate resonances can be properly applied after
the nonlinear errors are known.
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6.3 Outlook on ORM and NTRM modeling for the
SIS100
The synchrotron SIS100 is the primary accelerator in the FAIR project. It is
designed for a magnetic rigidity of Bρ = 100 Tm, i.e. comparable in size to the
large proton synchrotrons PS (CERN) and AGS (BNL). SIS100 accelerates high
intensity and high energy proton and ion beams (see Table 2.1). Figure 6.2 shows
the basic layout of one full sector or sextant with 14 lattice cells. The magnet
arc comprises eight full lattice cells each with two dipole magnets and with two
half magnet cells each with only one dipole magnet. The long straight sections
contain four regular lattice cells [1]. The synchrotron SIS100 is a superconduct-
ing machine with larger magnetic field gradients than the normal conducting
machine SIS18. The 108 dipoles and 168 quadrupoles are superferric magnets.
The machine circumference of 1083.6 m is five times the circumference of the
Figure 6.2: SIS100 lattice with the basic layout of one full sector or sextant with
14 lattice cells.
existing synchrotron SIS18. For the beam diagnostics there are 84 beam position
monitors with resolution of about 100 µm (0.1 mm) [83].
The correction system of SIS100 has four groups of correctors [1]:
• The 48 sextupole magnets are foreseen for chromaticity adjustment sex-
tupoles, united in two families. Each family comprises 24 sextupole mag-
nets, i.e. one sextupole magnet is foreseen in each of 48 cells. They are pow-
ered in two families for an independent horizontal and vertical chromaticity
correction. The sextupoles switch position within the cell depending if they
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are supposed for horizontal or vertical chromaticity correction.
• The 12 extraction sextupoles located in the straight sections are used to
excite a third order resonance for slow extraction.
• For correction of the closed orbit distortion one pair of combined steering
magnets for horizontal and vertical correction has to be installed in each of
the 84 lattice cells.
• The 12 correction multipoles placed at each end of the six arc sections.
They are combined quadrupole, sextupole and octupole mode depending
on the required correction. They are used for tune, resonance and higher
order corrections.
Table 6.1 summarizes the number of magnets of the presented SIS100 lattice [1].
Table 6.1: Parameter table for the SIS100 lattice.
Dipole magnets 108
Quadrupole magnets 168
Steering magnets 84× 2 horizontal and vertical
Chromatic sextupoles 48
Extraction sextupoles 12
Correction multipoles 12
BPMs 84× 2 horizontal and vertical
Lattice modeling for SIS100 is very important for the stable machine operation.
The controlled linear optics is necessary for further optimization of the beam
intensity and to avoid resonance induced beam loss. The ORM modeling would
be required to calibrate SIS100 BPMs, steerers, quadrupoles and dipoles. High-
gradient superconducting quadrupoles induce stronger linear coupling between
the transverse planes because of the skew quadrupole field errors and limited
accuracy installing the magnets in the beam line. Presently applied to the SIS18
decoupled ORM modeling could be not appropriate anymore for the supercon-
ducting quadrupoles of the SIS100. A fully coupled ORM modeling might be
required if the machine is superconducting. The estimated total size of the ORM
matrix (number of data points) is N = 84×84×2×2 = 28224 (using all horizon-
tal and vertical BPMs and steerers, respectively). Considering 168 quadrupole
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gradient and their tilt errors, 108 dipole and their tilt errors, 84 × 2 horizon-
tal/vertical BPMs gain and tilted errors and 84 × 2 horizontal/vertical steerer
gain and tilted errors gives M = 168×2+108×2+84×2×2+84×2×2 = 1224
modeling parameters. In the ORM modeling the total number of data points in
the orbit response matrix often limits the total number of fitting parameters. For
the case of SIS100 the total number of data points N exceeds the total number
of modeling parameters M 23 times. That indicates that there is sufficient infor-
mation for the complete ORM modeling.
It is useful to estimate the closed orbit shift due to the energy shift associated
with the dipole kick produced by a steering magnet according to Eq. (3.11)
∆x
(2)
CO(s) =
∆θ η(si)η(sj)
L0(αC − 1/γ2) . (6.1)
For the SIS100 dispersion of about 1.6 m [1], θ = 1 mrad, L0 = 1083.6 m, U
28+
beam with γ ≈ 4 and γTR ≈ 15.63 (for Qx = 18.84, Qy = 18.73) [1], which cor-
responds to αC ≈ 0.004), the closed orbit shift due to the energy shift associated
with the dipole kick ∆x
(2)
CO ≈ 0.04 mm is below the foreseen BPM resolution [83].
For superconducting magnets with large field gradients, a correction of nonlinear
field errors is a mandatory. As a first step the 84 normal/skew natural sextupolar
errors of 84 dipoles can be reconstructed using all 84 horizontal/84 vertical steer-
ers. The proposed extension of the NTRM reconstruction technique would be
required for the case with the number of nonlinear errors larger than the number
of steerers. Solving the nonlinear-least square problem for 84 horizontal/84 ver-
tical steerers it would be possible to reconstruct normal/skew sextupolar errors
in each of 108 dipoles. Further applications of the NTRM model are dependent
on the particular properties of the future machine, its lattice coupling and the
results of its ORM modeling.
7 Appendix
7.1 APPENDIX A: The Singular Value
Decomposition (SVD)
SVD method is based on the following theorem of linear algebra: Any matrix
A (m > n) whose number of rows m is greater than or equal to its number of
columns n, can be written as a product of an m × n column-orthogonal matrix
U, an n× n diagonal matrix W with positive or zero elements (singular values),
and the transpose of an n× n orthogonal matrix V, i.e.
Am×n = Um×n ·Wn×n ·VTn×n , (7.1)
where UTU = I, WTW = WWT = I, and W is a diagonal matrix with singular
values of ATA arranged in descending order on the diagonal ω1 ≥ ω2 ≥ ... ≥ 0.
The SVD decomposition can be also carried out when m < n. In this case the
singular values ωj for j = M+1, ...N are all zero, and the corresponding columns
of U are also zero.
If the matrix A is square, n × n, then U, V and W are all square matrices of
the same size. The inverse of orthogonal matrices U and V are equal to their
transposes; W is diagonal, so its inverse is the diagonal matrix whose elements
are the reciprocals of the elements ωj. So that the inverse of A is
A−1 = V · [diag(1/ωj)] ·UT . (7.2)
The solution of linear equation A · x = b becomes
x = V ·W−1 ·UT · b. (7.3)
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In cases if some of ωj’s are very small but nonzero, so that the matrix is ill-
conditioned, the solution vector x can be obtained by zeroing the small ωj’s and
then using Eq. (7.3). That means ω−1j = 0 in W
−1 if ωj < , where  is called
tolerance level. Mathematically, the SVD method is equivalent to find a solution
x that minimizes |A · x− b|.
7.2 APPENDIX B: SVD and Levenberg-Marquardt
methods
The solutions by Singular Value Decomposition method and Levenberg-Marquardt
method are equivalent under the condition λ = 0. The equation
V + J∆x1 = 0 (7.4)
and the equation
(JTJ + λI)∆x2 = −JTV (7.5)
have equal solutions if λ = 0.
1. The solution of Eq. (7.4) satisfies to Eq. (7.5).
Expressing ∆x1 = −J−1V from Eq. (7.4) and using it in Eq. (7.5)
(JTJ + λI) · (−J−1V) = −JTV,
−JTV − λIJ−1V + JTV = 0,
−λJ−1V = 0,
(7.6)
gives λ = 0.
2. If λ = 0 then the solution of Eq. (7.5) satisfies to Eq. (7.4)
JTJ∆x2 = −JTV,
∆x2 = −J−1V,
(7.7)
so that ∆x1 = ∆x2.
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7.3 APPENDIX C: Benchmarking of the ORM
modeling for SIS18
The optimization function describes the difference between model and measured
response and has to be minimized
f(x) =
∑
i,j
[(
∂xCO,i
∂θx,j
)mod − (∂xCO,i
∂θx,j
)exp]
2 +
∑
k,l
[(
∂yCO,k
∂θy,l
)mod − (∂yCO,k
∂θy,l
)exp]
2 , (7.8)
where ∂xCO,i/∂θx,j is the horizontal CO response at the ith horizontal BPM to the
jth horizontal steerer change; and ∂yCO,k/∂θy,l is the vertical CO response at the
kth vertical BPM to the lth vertical steerer change; and x is the model parameter
vector. According to the Eq. (7.8) the horizontal and vertical data were fitted to-
gether. For the fitting the data files used in the original calculation were taken.
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Figure 7.1: Steerer calibration factors a) horizontal and b) vertical obtained from
the ORM fitting of the three data sets.
For accelerator optics calculations ELEGANT [67] code was used. The same
number of fitting parameters was considered, namely, 18 steerers (6 horizontal
and 12 vertical), 24 BPMs (12 horizontal and 12 vertical) and 24 quadrupole gra-
dients (12 focusing and 12 defocusing). ‘Mirrored’ BPM and steerer calibration
factors in the benchmarked (Figs. 7.1 and 7.2) and original (Figs. 3.15 and 3.16)
calculations is caused by the interconnection of these parameters according to
Eq. (3.1). The connected discussion is given in Section 3.3.1.2. Proper separa-
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Figure 7.2: Steerer calibration factors a) horizontal and b) vertical obtained from
the ORM fitting of the three data sets.
tion of steerer and BPM calibrations in numerical treatment needs inclusion of
the measured dispersion. The results of the benchmarking with the mentioned
difference confirm the original calculation. Important is the agreement in the
Focusing quadrupoles
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Figure 7.3: Quadrupole strength errors a) focusing and b) defocusing as the
factional part of the nominal quadrupole gradients obtained from the
ORM fitting of the three data sets.
relative BPM and steerer calibrations, namely, uniform calibration of all verti-
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cal steerers except for the vertical steerer S11KM2DV with -30 % calibration,
uniform calibration of all vertical BPMs, uniform calibration of the horizontal
steerers and found differences of -60 % for the horizontal BPM S05DX and -30 %
for the horizontal BPM S09DX. The focusing quadrupole gradient errors come
Q
y
Qx
Q
y
Qx
a) Tune convergence for February 28 b) Tune convergence for April 20
Figure 7.4: SIS18 tunes, measured and obtained from simulations of a) February
28 and b) April 20 data.
Q
y
Qx
a) Tune convergence for April 8 b) SIS18 β-functions
Figure 7.5: Obtained from simulations of April 8 data a) SIS18 tunes and b)
β-functions using 24 retrieved quadrupole errors.
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out about 10 times larger than the defocusing quadrupole gradients (Figs. 3.17
and 7.3) and do not indicate unique solution. However, the SISMODI systematic
tune is again reproduced, see Figs. 7.4 and 7.5. The symmetry of the β-functions
with the retrieved quadrupole errors is broken (Fig.7.5b).
7.4 APPENDIX D: Beam sizes evaluation from the
RGM profiles
Figure 7.6a illustrates the linear approximation between two neighbouring points
on the left {(x1, z1) (x2, z2)} and on the right {(x11, z11) (x22, z22)} sides of the
measured beam profile.
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1 2
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x0.5max,1
FWHM
s
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x0.50
0.5
1.0
x
a) Finding FWHM b) HWHM and σ of Gaussian
Figure 7.6: a) Linear approximation applied to the measured beam profile to
find abscissa of the half maximum and b) half width at half maximum
(HWHM) and σ of Gaussian.
To estimate rms beam sizes a full width at half maximum of the measured profiles
is calculated via linear fit
{
a1x1 + b1 = z1
a1x2 + b1 = z2
⇒

a1 =
z1 − z2
x1 − x2
b1 =
z2x1 − z1x2
x1 − x2
(7.9)
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{
a2x11 + b2 = z11
a2x22 + b2 = z22
⇒

a2 =
z11 − z22
x11 − x22
b2 =
z22x11 − z11x22
x11 − x22
(7.10)
After the abscissas x 0.5 max, 1 and x 0.5 max, 2 of the half maximum z 0.5 max are
found, the full width at half maximum (FWHM) is given by their difference
x 0.5 max, 1 =
z 0.5 max − b1
a1
x 0.5 max, 2 =
z 0.5 max − b2
a2
(7.11)
From the FWHM the corresponding horizontal/vertical rms beam sizes σx,y are
computed assuming Gaussian profile via
σx,y =
FWHMxy
2
√
2 ln 2
, (7.12)
Figure 7.6b demonstrates the relation (7.12) of a Gaussian distribution normal-
ized to 1.0
e−x
2
0.5/(2σ
2) = 0.5 ⇒ σ
√
2 ln 2 = x0.5 , (7.13)
where σ is the dispersion of the Gaussian distribution and x 0.5 is the half of the
FWHM. Transverse rms emittances can be found from the beam sizes according
to
x,y =
σ2x,y − (Dx,yδ)2
βx,y
, (7.14)
where Dx,y and βx,y are the dispersion and β-function, respectively, at RGM
location (Dx = 1.554 m, Dy = 0 m, βx = 5.481 m, βy = 7.767 m) and δ = ∆p/p
is the momentum spread.
In Figs. 7.7 and 7.8 the average X and Y beam profiles over several repetitions
of every resonance at Qy = 3.24, Qy = 3.34, Qy = 3.40, Qy = 3.45, Qy = 3.51,
Qy = 3.51 of scan 1 are presented. The standard deviation for every point in
the profiles is plotted as an error-bar.
7.4 APPENDIX D: Beam sizes evaluation from the RGM profiles 119
0
100
200
300
400
500
600
700
-60 -40 -20 0 20 40 60
In
te
ns
ity
(m
ax
im
um
12
B
its
)
position [mm]
0
50
100
150
200
250
300
350
400
-60 -40 -20 0 20 40 60
In
te
ns
ity
(m
ax
im
um
12
Bi
ts
)
position [mm]
resonance line Qx −Qy = 1, Qy = 3.24.
0
200
400
600
800
1000
1200
-60 -40 -20 0 20 40 60
In
te
n
s
it
y
(m
a
x
im
u
m
1
2
B
it
s
)
position [mm]
0
100
200
300
400
500
600
700
800
900
1000
-60 -40 -20 0 20 40 60
In
te
n
s
it
y
(m
a
x
im
u
m
1
2
B
it
s
)
position [mm]
resonance line 3Qy = 10, Qy = 3.34.
0
100
200
300
400
500
600
700
800
-60 -40 -20 0 20 40 60
In
te
ns
ity
(m
ax
im
um
12
Bi
ts
)
position [mm]
0
100
200
300
400
500
600
-60 -40 -20 0 20 40 60
In
te
ns
ity
(m
ax
im
um
12
Bit
s)
position [mm]
resonance line Qx + 2Qy = 11, Qy = 3.40.
Figure 7.7: Average over several measurements X-profiles (left), Y-profiles
(right) in red at injection and in green 1.1 s after storage.
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Figure 7.8: Average over several measurements X-profiles (left), Y-profiles
(right) in red at injection and in green 1.1 s after storage.
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7.5 APPENDIX E: High precision algorithms for
tune evaluation
The precise measurement of the betatron tune as a function of the oscillation
amplitude provides an information of the nonlinear tune [13, 78, 79]. Often
damping of the coherent oscillations limits the observation time and therefore the
precision of the tune determination by this method. The horizontal and vertical
tunes are computed using sets of N consecutive values of the beam position z(n)
and applying Fourier analysis. The distribution function of the tune φ(νj) is
calculated via discrete Fourier expansion [78, 79]
φ(νj) =
1
N
N∑
n=1
z(n)e−2piinνj , (7.15)
where the discretization of the obtained peak is generally related to the number
of position samples N by [13, 78]
νj =
j
2N
. (7.16)
In many practical cases the decoherence limits the measurement time needed to
reach an adequate precision. Therefore this straight forward method is not very
precise, but there do exist some improved analysis methods.
Since the precision error appears due to the discreteness of the structure, to
obtain a better result an interpolation around the main peak is used. The tune
is then abscissa of the maximum of the interpolating function [78]. In order to
find the betatron function with higher precision, the available set of N data is
filtered by a Hanning windowing function [78]
χ(n) = 2 sin2(
pin
N
) . (7.17)
After this filtering the frequency spectrum is evaluated with a FFT algorithm,
and the leading frequency is identified. The tune is finally computed with the
following interpolating formula [78, 79]
νFHan =
k
N
+
1
2pi
arcsin[ψ sin
2pi
N
] , (7.18)
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where ψ is given by
ψ = A (| φ(νj) |, | φ(νj+1) |, cos 2pi
N
) , (7.19)
and the function A is given by
A(a, b, c) =
−(a+ bc)(a− b) + b√∆
a2 + b2 + 2ab
, (7.20)
where
∆ = c2(a+ b)2 − 2ab(2c2 − c− 1) . (7.21)
Assuming that νj is the leading frequency in the FFT spectrum φ(νk) and the
spectrum amplitude φ(νj+1) is larger than φ(νj−1). If the last hypothesis is not
true, one has to use φ(νj−1) instead of φ(νj+1) in Eq. (7.18). In absence of the
noise the frequency error scales with the number of turns N as [78, 79]
Fint ≤ CFHan
N4
, (7.22)
where CFHan is a scaling constant smaller than 1.
7.6 APPENDIX F: Additional NTRM simulations
For the numerical comparison the CO deformation was given by means of θ1 (or
θ2) the range [-2.5;+2.5] as in the experiment. The normal chromatic sextupoles
were included in the lattice model with the values of Table 2.5 for extraction
energy. Using the nonlinear lattice model, the horizontal detunings were calcu-
lated with the same nonlinear errors on top of the chromatic correction like in the
experiment. The shape of the measured curves on Figs. 5.15a, 5.16a and c; 5.17a
and c; 5.18a; 5.19a and c is determined by the CO, the tune, the strengths
and combination of the excited sextupoles and nonlinear errors in the machine.
The numerically calculated detuning curves for the conditions close to the exper-
imental of 15/08/2007 (Fig. 5.15a) are shown on Fig. 7.9a. By subtracting the
corresponding values of S1 − S0 and S2 − S0 as it was done in the experiment,
the differential tune response curves are retrieved (Fig. 7.9b). These curves are
linear and their slopes directly give the quantities xQ
x
1 for S1 and S2 setting. The
abscissa of the crossing point in Fig. 5.15 is approximately −1.3 mrad, which
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indicates the CO in the location of the sextupole S11KS1C. The detuning curves
on Fig. 7.9 are crossed in 0, since in the simulation the initial CO is x = 0, y = 0
(is not distorted). For the measurement of 22/10/2007 the CO correction steerer
0.297
0.298
0.299
0.300
0.301
0.302
0.303
0.304
0.305
0.306
0.307
F
ra
c
ti
o
n
a
l
Q
x
-3 -2 -1 0 1 2 3
Horizontal [mrad]q1
S1
S0
S2
0
F
ra
c
ti
o
n
a
l
Q
D
x
1
0
-3
x
=1.2257xQ1
x
=0.6123xQ1
x
S1
S2
Horizontal [mrad]q1
-3 -2 -1 0 1 2 3
-2
-3
-1
0
1
2
3
a) Horizontal tune response b) Corresponding difference-response
Figure 7.9: Simulated with MICROMAP a) fractional part of the horizontal tune
vs. horizontal steering angle θ1 (S10MU1A) for different strengths of
the excited sextupole S11KS1C and b) the corresponding differential
tune response. The parameters in the simulation are chosen as in the
experiment (Fig. 5.15 and Table 5.6).
setting were saved (see Fig. 5.7). These steerer settings were added to the non-
linear lattice model to demonstrate the effect of the distorted CO. The original
CO distortion of the experiment was simulated in assumption that the horizontal
calibration factors are close to the ones retrieved from the ORM modeling (see
Fig. 3.16). The simulated curve corresponding to measured ones of Fig. 5.16 are
shown on Fig. 7.10. The two crossing points (A and B) of the curves for each
steerer give the angles, which correspond to the position of the CO in the two
sextupoles. This fact can be used to determine the sextupoles alignment errors.
By solving Eqs. (5.11), (5.12) in variables xCOl, yCOl for the known set of error
K2l, n, J2l, n gives a measure of the CO in sextupole is shifted with respect to the
ideal CO. However, there already exists another way to determine the sextupole
alignment by creating a local bump around each single sextupole [75]. Numeri-
cal reproduction of the absolute detuning of the experiments (including the real
CO and the chromatic sextupoles settings) requires an up-to-date knowledge of
the machine’s lattice model (β-functions, steerer and sextupole calibrations), but
not needed for the NTRM application. Most relevant the for reconstruction pur-
poses is an agreement between simulated and measured differential responses.
Two skew sextupole errors applied in the experiment (Table 5.10) were used in
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Figure 7.10: Simulated with MICROMAP a), c) fractional part of the hor-
izontal tune vs. horizontal steering angles θ1 (S10MU1A) and
θ2 (S11MU1A) for different strengths of the excited sextupoles
S03KS1C and S11KS1C. The corresponding differential tune re-
sponse b) and d). The parameters in the simulation are chosen
as in the experiment (Fig. 5.16and Table 5.7).
the simulation to reproduce experimental Figs. 5.19b and d. The corresponding
simulated differential responses are shown in Fig. 7.11.
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Figure 7.11: Simulated with MICROMAP differential response for vertical steer-
ers a) θ1 (S12KM2DV) and b) θ2 (S06KM2DV). The parameters in
the simulation are chosen as in the experiment (Fig. 5.19 and Ta-
ble 5.10).
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8.1 Ku¨nstliche Feldfehler erzeugt durch Sextupolmagneten. S1 und S2 sind zwei
Sa¨tze fu¨r normale Sextupole, und S3 und S4 fu¨r gekippte (skew) Sextupole. . . 144
8 Zusammenfassung
Der GSI Schwerionenkreisbeschleuniger SIS18 soll als Injektor fu¨r den neuen
FAIR Kreisbeschleuniger SIS100 eingesetzt werden. Fu¨r diesen Beschleuniger-
betrieb ist es notwendig die Strahlintensita¨t im SIS18 erheblich zu steigern.
Eine wesentliche Rolle hierbei spielen Strahlverluste verursacht durch nichtlin-
eare Resonanzen. Solche Resonanzen werden unter anderem durch Magnet-
feldfehler ho¨herer Ordnung hervorgerufen. Durch Raumladung oder Chroma-
tizita¨t verursachtes Kreuzen solcher Resonanzen kann zu Strahlverlusten und zur
Beschra¨nkung der dynamischen Apertur wa¨hrend des Maschinenbetriebs fu¨hren.
Außerdem versta¨rken Fehler in der geschlossenen Sollbahn, sogenannte lokale Or-
bitbeulen, den Einfluss der Multipolfehler und fu¨hren somit zu einer Versta¨rkung
der nichtlinearen Resonanzen. Zum besseren Versta¨ndnis derartiger Strahlver-
lustmechanismen ist es notwendig jede Quelle von nichtlinearen Fehlern in der
Maschine experimentell zu bestimmen. Die Kompensation der nichtlinearen
Fehler ist eine Voraussetzung fu¨r den Injektorbetrieb mit hoher raumladungs-
bedingter Arbeitspunktverschmierung.
Diese Arbeit umfasst sowohl numerische als auch experimentelle Untersuchungen
zur Strahldynamik im Kreisbeschleuniger SIS18. Wa¨hrend der Experimente wur-
den zahlreiche Steuer- und Diagnoseeinrichtungen des SIS18 eingesetzt, welche
bisher noch nicht fu¨r derartige Untersuchungen genutzt wurden. Die detail-
lierte Beschreibung der Experimente in dieser Arbeit kann als Ausgangspunkt
fu¨r zuku¨nftige Maschinenexperimente und -entwicklungen verwendet werden.
Im Rahmen der linearen Optik ist die Korrektur der geschlossenen Sollbahn ein
wichtiger Schritt zur Minimierung der Strahlverluste: Je besser die Sollbahn kor-
rigiert wird, desto geringere Strahlverluste sind zu erwarten. Durch die lokale
Korrektur der Orbitbeulen in allen Zellen des SIS18 wurde der Bahnverlauf u¨ber
den gesamten Umfang zentriert. Hierfu¨r wurde ein spezieller Algorithmus (three-
139
140 8. Zusammenfassung
steerer-local-bump method) zur Berechnung der Setzwerte von jeweils drei be-
nachbarten Korrekturdipolmagneten angewandt. Die fu¨r Injektions- bzw. Ex-
11
S
IS
1
8
C
lo
s
e
d
O
rb
it
,
m
m
-10
-5
0
5
10
12 1 2 3 4 5 6 7 8 9 10
HORIZbefore INJECTION VERT
#
S
IS
1
8
C
lo
s
e
d
O
rb
it
,
m
m
after
11
-10
-5
0
5
10
12 1 2 3 4 5 6 7 8 9 10
#BPM
BPM
-10
-5
0
5
10
12 1 2 3 4 5 6 7 8 9 10 11
# BPM
S
IS
1
8
C
lo
s
e
d
O
rb
it
,
m
m
11
-10
-5
0
5
12 1 2 3 4 5 6 7 8 9 10
# BPM
S
IS
1
8
C
lo
s
e
d
O
rb
it
,
m
m
before HORIZEXTRACTION VERT
after
Figure 8.1: Die horizontale (rot) und vertikale (gru¨n) Sollbahn vor und nach der
Korrektur fu¨r Injektion (links) und Extraktion (rechts).
traktionsenergie vorgenommenen Sollbahnkorrekturen sind in Abb. 8.1 zu sehen.
Es zeigte sich, dass mit den gefundenen Einstellungen der korrigierte Sollbahn
im Energiebereich [100 : 1000] MeV/u und im Arbeitspunktbereich Qx=[4.29 :
4.17], Qy=[3.29 : 3.35] erhalten bleibt. Mit der korrigierten Sollbahn und einer
optimierten Multiturninjektion erho¨hte sich die erreichte Intensita¨t als Folge der
ho¨heren erreichten Maschinenakzeptanz wenigstens um einen Faktor 2. Nach wie
vor gibt es aber Einschra¨nkungen bei der Korrektur der horizontalen Sollbahn, da
die Energieversorgung von 6 horizontalen Korrekturdipolen unipolar ist. Dieses
kann na¨mlich gerade dazu fu¨hren, dass ein Korrekturwinkel, der fu¨r eine lokale
Korrektur beno¨tig wird, von einem dieser Korrekturdipole nicht erzeugt werden
kann. Trotzdem brachten die ausgefu¨hrten Sollbahnkorrekturen einen unmittel-
baren Nutzen fu¨r das Experimentprogramm.
Zum Kalibrieren der 24 Positionsmonitore, 18 Korrekturdipolmagnete und 24
Quadrupolmagnete wurde die geschlossene Sollbahn gesto¨rt, die resultierende
Antwortfunktion gemessen und theoretisch modelliert (ORM = Orbit Response
Matrix Analysis). Die Antwortfunktion wurde dreimal gemessen, separat analysiert
und dreimal an das Modell angepasst.
Die Kalibrierungsfaktoren der Positionsmonitore und der Korrekturdipolmagnete
in allen drei Datensa¨tzen (Abbs. 8.2 und 8.3) stimmen bis auf einige Prozent
u¨berein, was darauf schließen la¨sst, dass sie die tatsa¨chlichen Werte angemessen
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repra¨sentieren. Die Modellierung der Antwortfunktion des SIS18 offenbarte einen
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Figure 8.2: Kalibrierungsfaktoren der Positionsmonitore der drei Datensa¨tze:
horizontal (links) und vertikal (rechts), erhalten von der Antwort-
funktionsmodellierung.
Fehler des Kalibrierungsfaktors fu¨r den vertikalen Korrekturmagnet #11. Dieser
Magnet wurde spa¨ter u¨berpru¨ft, die Fehler besta¨tigt und in der Kontrollpro-
gramm (SISMODI) korrigiert.
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Figure 8.3: Kalibrierungsfaktoren der Korrekturdipolmagnete der drei
Datensa¨tze: horizontal (links) und vertikal (rechts), erhalten
von der Antwortfunktionsmodellierung.
Die ermittelten Feldfehler der Quadrupolmagneten zeigen große Abweichungen
(Abb. 8.4) als Ergebnis der relativ ungenauen Strahlpositionsmessungen und des
Mangels ausreichender Datenpunkte der gemessenen Antwortfunktion des SIS18.
Trotzdem reproduzierten die gefundenen Feldfehler der Quadrupolmagnete die
systematische Arbeitspunktverschiebung des SIS18 (∆Qx ≈ 0.02 , ∆Qy ≈ −0.03).
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Figure 8.4: Feldfehler der Quadrupolmagnete der drei gemessenen Datensa¨tze.
Fokussierende- (links) und defokussierende (rechts) Quadrupolfehler
in Anteilen der Nominalwerte, die mit der Antwortfunktionsmodel-
lierung ermittelt wurden.
Entsprechend der Simulationen, sollte die Anzahl der Datenpunkte in der gemesse-
nen Antwortfunktion des SIS18 zu der Anzahl der Modelparameter (Kalibrierungs-
faktoren von 24 Positionsmonitoren, 18 Korrekturdipolmagneten und 24 Sta¨rken-
fehler den Quadrupolmagneten) passen, andernfalls wa¨re die Lo¨sung fu¨r die Feld-
fehler der Quadrupolmagnete nicht eindeutig. Die sechs horizontalen Korrektur-
dipolmagnete, welche in den Messungen zur Verfu¨gung stehen sind nicht ausre-
ichend um eine volle Beschreibung der horizontalen Ebene zu bekommen. Mini-
mal wu¨rden 12 Korrekturdipole beno¨tigt: Einer in jeder Periode.
Die Genauigkeit der Antwortfunktionsmodellierung des SIS18 muss verbessert
werden um einen genauen Satz von den Feldfehlern der Quadrupolmagnete rekon-
struieren zu ko¨nnen. Die Methode kann erweitert werden, um zusa¨tzlich die Ar-
beitspunktverschiebung in Abha¨ngigkeit der A¨nderung der Quadrupolsta¨rken zu
bestimmen. Die Arbeitspunktverschiebung kann unabha¨ngig von den Positions-
monitoren mit hoher Genauigkeit (10−5 ) gemessen werden. Zusa¨tzlich wird durch
eine solche Redundanz die Lo¨sung des Problems verbessert. Nach Hinzufu¨gen der
gemessenen Dispersionfunktion sollte die Modellierung der Kalibrierungsfaktoren
der Positionsmonitore und Korrekturdipolmagnete ebenfalls verbessert werden.
Eine Untersuchung von Resonanzstrahlverlusten wurde durchgefu¨hrt. Um die
Resonanzen zu messen wurde der Arbeitspunkt nach jedem Maschinenzyklus
vera¨ndert (statische Anna¨herung an die Resonanz). Die Wirkung der Resonanzen
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wurde bestimmt, indem gezielt lokale Orbitbeulen generiert und die dadurch
verursachten Strahlverluste gemessen wurden. Es wurde gezeigt, dass Sto¨rungen
der Sollbahn Resonanzen anregen, die fu¨r die korrigierte Sollbahn nicht existieren,
siehe 2, 3, 4 in Abb. 8.5. Daru¨ber hinaus sind die Strahlverluste an der Differenz-
Resonanz 1 fu¨r die gesto¨rte Sollbahn versta¨rkt (Abb. 8.5).
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Figure 8.5: Resonanzstrahlverluste 1.1 s nach der Injektion fu¨r korrigierte
(gestrichelte Linie) und gestrte (durchgezogene Linie) Sollbahn.
Die Modellierung und Korrektur der linearen Optik ist die Grundlage fu¨r die
Anwendung einer neuen Methode zur Bestimmung der nichtlinearen Optik. Die
Formulierung dieser Methode (NTRM = Nonlinear Tune Response Matrix) stellt
den zweiten Teil dieser Arbeit dar. Sie beruht darauf die Sta¨rke, Polarita¨t und
Lage von nichtlinearen Fehlern durch Messung der Arbeitspunktverschiebung
bei gesto¨rter, Sollbahn zu bestimmen. Im Rahmen dieser Arbeit wurden die
entsprechenden theoretischen Grundlagen entwickelt und erste Messungen im
SIS18 angestellt. Hierfu¨r wurden zwei Sextupolmagnete zur Erzeugung ku¨nstlicher
Fehler eingesetzt und die resultierende Arbeitspunktverschiebung gemessen. Die
A¨nderung der geschlossenen Sollbahn wurde durch Vera¨nderung der Korrektur-
dipolmagneten ausgefu¨hrt. Die Arbeitspunktmessung erha¨lt man aus dem Spek-
trum der koha¨renten Betatron-Oszillationen, die durch einen schnellen Kick aus-
gelo¨st werden. Um die ku¨nstliche Feldfehler der normalen Sextupolmagneten zu
entdecken hat man den horizontalen Sollbahn deformiert. Fu¨r die Rekonstruk-
tion der gekippten (skew) ku¨nstlichen Feldfehler der Sextupolmagnete beno¨tigt
man die vertikale Deformation der geschlossenen Sollbahn.
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Es konnte gezeigt werden, dass es unter Anwendung der neu entwickelten Meth-
ode mo¨glich ist die ku¨nstlich hergestellten Sto¨rgro¨ßen mit hinreichender Genauigkeit
zu rekonstruieren (Tabelle 8.1). Die ku¨nstlich hergestellte Sto¨rgro¨ßen sind in der
Table 8.1: Ku¨nstliche Feldfehler erzeugt durch Sextupolmagneten. S1 und S2
sind zwei Sa¨tze fu¨r normale Sextupole, und S3 und S4 fu¨r gekippte
(skew) Sextupole.
Zwei normale l ∆K2 Rechnung Experiment Rel. Fehler,
Feldfehler ×10−2, [m−2] ×10−2, [m−2] ×10−2, [m−2] %
S1 1 -2 -1.999 -1.797 10.5
2 1 1.001 1.018 1.8
S2 1 5 5.008 4.971 0.6
2 -3 -2.997 -2.739 8.7
Zwei gekippte l ∆J2 Rechnung Experiment Rel. Fehler,
Feldfehler ×10−3, [m−2] ×10−3, [m−2] ×10−3, [m−2] %
S3 1 8.32 8.35 7.13 14.6
2 8.32 8.35 7.29 12.7
S4 1 8.32 8.33 8.76 5.2
2 -8.32 -8.31 -4.52 45.6
Gro¨ßenordnung der realen Fehler. Sie waren fu¨r die gekippten (skew) Sextupol-
magnete ungefa¨hr zehn mal kleiner als fu¨r normale Sextupolmagnete aufgrund
der technischen Begrenzung der Sta¨rken der gekippen Sextupolmagnete. Solche
kleine Sto¨rgro¨ßen sind an der Grenze der praktischen Anwendung der vorgestell-
ten Methode. Trotz eines realtiven Feldfehlers von 45.6 % ist die Polarita¨t richtig
identifiziert wurde. Es ist geplant mit Hilfe dieser Methode die nichtlinearen
Eigenschaften des SIS18 in jeder Gitterzelle zu vermessen.
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